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(57) ABSTRACT

When knocking occurs, a control apparatus for an internal
combustion engine increases the rotational speed of a pump to
increase the tlow rate of a coolant supplied to an area near a
combustion chamber wall surface, and controls an actual
mechanical compression ratio to a low mechanical compres-
sion ratio lower than a mechanical compression ratio set
based on the load of the engine. Thus, the pressure of end gas
1s decreased, and occurrence of knocking i1s suppressed.
Then, the actual mechanical compression ratio 1s returned to
the mechanical compression ratio at a time point at which the
temperature of the combustion chamber wall surface has been
suificiently decreased due to the increase in the rotational
speed. Thus, occurrence of knocking 1s suppressed while
avoiding the situation where the actual mechanical compres-
s10n ratio continues to be controlled to the low mechanical
compression ratio that 1s lower than the mechanical compres-
s101 ratio.

32 Claims, 14 Drawing Sheets
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FIG.3
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FIG.S
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FIG.7
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CONTROL APPARATUS FOR INTERNAL
COMBUSTION ENGINE

CROSS-REFERENCE TO PRIORITY
APPLICATIONS

The present application claims priority to Japanese patent
application no. 2007/112261 filed on Apr. 20, 2007, the entire

contents of which are hereby incorporated herein by refer-
ence.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to a control apparatus for an internal
combustion engine that includes a compression ratio change
device that changes a mechanical compression ratio, wherein
the mechanical compression ratio 1s a ratio of a maximum
value of a volume of a combustion chamber to a minimum
value of the volume of the combustion chamber, and the
volume of the combustion chamber 1s changed according to
the reciprocating movement of a piston.

2. Description of the Related Art

A control apparatus for an internal combustion engine that
includes a compression ratio change device 1s available. The
compression ratio change device changes a mechanical com-
pression ratio of the internal combustion engine. Generally,
when the temperature and pressure of mixed gas (end gas)
located near a wall surface constituting a combustion cham-
ber ({or example, a bore wall surface) are extremely high, the
end gas 1s strongly burned after the mixed gas 1s igmited. Thus,
knocking occurs. When knocking occurs, the heat efficiency
of the internal combustion engine 1s greatly decreased, and
the wall surface constituting the combustion chamber (for
example, a cylinder head) may be molten and damaged.

Asthe load of the internal combustion engine decreases, an
amount of fuel 1n the mixed gas formed 1n the combustion
chamber 1s decreased, and therefore, heat energy generated
by combustion of the mixed gas 1s decreased. As a result, the
wall surface constituting the combustion chamber 1s heated
by the heat energy generated by combustion of the mixed gas,
to a smaller extent, and therefore, the end gas 1s heated by the
wall surface to a smaller extent before the end gas 1s burned.
Further, as the load of the internal combustion engine
decreases, the amount of mixed gas formed 1n the combustion
chamber 1s decreased, and therefore, the temperature of the
mixed gas 1s increased to a smaller extent when the mixed gas
1s compressed by the piston. Accordingly, as the load of the
internal combustion engine decreases, knocking is less likely
to occur.

Thus, Japanese Patent Application Publication No. 2006-
177176 (JP-A-2006-177176) describes an example of the
control apparatus that controls the compression ratio change
device to increase the actual mechanical compression ratio as
the load of the internal combustion engine decreases. Accord-
ingly, when the load of the internal combustion engine 1s
relatively low, the mechanical compression ratio 1s controlled
to be relatively high. This increases the heat etficiency of the
internal combustion engine. As a result, 1t 1s possible to oper-
ate the internal combustion engine with good fuel efficiency,
while avoiding occurrence of knocking.

Further, when knocking occurs, the control apparatus con-
trols the compression ratio change device so that the actual
mechanical compression ratio 1s lower than the mechanical
compression ratio set based on the load. This decreases the
pressure of the end gas, thereby suppressing occurrence of

knocking.
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However, the above-described conventional control appa-
ratus continues to control the actual mechanical compression
ratio to the mechanical compression ratio that 1s lower than

the mechanical compression ratio set based on the load, after
knocking occurs. Therefore, an increase 1n the fuel efficiency

may be mhibited.

SUMMARY OF THE INVENTION

The mvention provides a control apparatus and a control
method for an internal combustion engine, which suppress
occurrence of knocking, while avoiding inhibition of an
increase in fuel etficiency.

An aspect of the invention provides a control apparatus for
an 1nternal combustion engine that 1s provided 1n a vehicle,
and that includes a compression ratio change device that
changes an actual mechanical compression ratio, wherein the
mechanical compression ratio 1s a ratio of a maximum value
of a volume of a combustion chamber to a minimum value of
the volume of the combustion chamber, and the volume of the
combustion chamber i1s changed according to reciprocating
movement of a piston.

The control apparatus for the internal combustion engine
includes: a compression ratio control device that controls the
compression ratio change device so that the actual mechani-
cal compression ratio 1s equal to the mechanical compression
ratio set based on a load of the internal combustion engine; a
cooling device that cools a wall surface that constitutes the
combustion chamber using a cooling medium, by supplying
the cooling medium to an area near the wall surface, and that
adjusts cooling efliciency that indicates a magnitude of heat
energy transferred to the supplied cooling medium from the
wall surface per unit time; an imndex value obtaining device
that obtains an index value relating to occurrence of knock-
ing; and a knocking suppression device that determines
whether a knocking determination condition, which includes
at least one of a condition that knocking occurs and a condi-
tion that there 1s a possibility that knocking will occur, 1s
satisfied based on the obtained index value, wherein when the
knocking suppression device determines that the knocking
determination condition 1s satisfied, the knocking suppres-
s1ion device controls the cooling device to increase the cooling
eificiency, and controls the compression ratio change device
so that the actual mechanical compression ratio 1s equal to a
low mechanical compression ratio that 1s lower than the
mechanical compression ratio set based on the load, 1n a
predetermined low compression ratio control period that
starts at a knocking determination time point at which 1t 1s
determined that the knocking determination condition 1s sat-
1stied.

The cooling efficiency 1s adjusted, for example, by chang-
ing the tlow rate of the cooling medium, the temperature of
the cooling medium, or the like. Thus, the actual cooling
eificiency 1s increased when a predetermined delay time
clapses after the cooling device 1s controlled to increase the
cooling efficiency. Therefore, the temperature of the combus-
tion chamber wall surface 1s not suificiently decreased until
the predetermined period elapses after the cooling device 1s
controlled.

Accordingly, in the above-described configuration, when 1t
1s determined that the knocking determination condition 1s
satisfied, the cooling device 1s controlled to increase the cool-
ing eificiency, and the actual mechanical compression ratio 1s
controlled to the low mechanical compression ratio that 1s
lower than the mechanical compression ratio set based on the
load of the internal combustion engine, 1n the predetermined
low compression ratio control period that starts at the knock-
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ing determination time point. Thus, the pressure of end gas 1s
decreased, and therefore, occurrence of knocking 1s sup-
pressed, i the low compression ratio control period.

Then, the actual cooling efficiency has been sulficiently
increased at the end time point of the low compression ratio
control period. Thus, the temperature of the wall surface
constituting the combustion chamber (1.e., the combustion
chamber wall surface) has been sufliciently decreased. As a
result, the temperature of the end gas i1s not excessively
increased, and therefore, occurrence of knocking 1s sup-
pressed.

After the end time point of the low compression ratio
control period, the actual mechanical compression ratio 1s
controlled to the mechanical compression ratio set based on
the load of the internal combustion engine. Thus, 1t 1s possible
to suppress occurrence of knocking, while avoiding the situ-
ation where the actual mechanical compression ratio contin-
ues to be controlled to the low mechanical compression ratio
that 1s lower than the mechanical compression ratio set based
on the load. That 1s, 1t 1s possible to suppress occurrence of
knocking, while avoiding inhibition of an increase 1n the fuel
elficiency.

In this case, the knocking suppression device may set the
low mechanical compression ratio to a first low mechanical
compression ratio during a first period from the knocking
determination time point to a predetermined first time point,
in the low compression ratio control period; and the knocking
suppression device may set the low mechanical compression
ratio to a second low mechanical compression ratio that 1s
higher than the first low mechanical compression ratio during
a second period after the first time point, 1n the low compres-
s10n ratio control period.

Thus, the mechanical compression ratio 1s controlled to the
first low mechanical compression ratio that 1s a suificiently
low mechanical compression ratio during the period until the
temperature of the combustion chamber wall surface 1s
decreased to some extent. Therefore, 1t 1s possible to more
reliably suppress occurrence of knocking.

Then, the temperature of the combustion chamber wall
surface 1s decreased to a temperature at which there 1s a
relatively high possibility that knocking will occur when the
actual mechanical compression ratio 1s controlled to the
mechanical compression ratio set based on the load, and at
which knocking does not occur when the actual mechanical
compression ratio 1s controlled to a mechanical compression
ratio that 1s closer to the mechanical compression ratio set
based on the load than the first low mechanical compression
ratio 1s.

Accordingly, in the above-described configuration, the
actual mechanical compression ratio 1s controlled to the sec-
ond low mechanical compression ratio that 1s higher than the
first low mechanical compression ratio during the second
period. Thus, it 1s possible to increase the fuel efficiency,
while suppressing occurrence of knocking, as compared to
the case where the actual mechanical compression ratio 1s
controlled to the first low mechanical compression ratio over
the entire low compression ratio control period.

In this case, the knocking suppression device may maintain
the first low mechanical compression ratio at a constant value
during the first period; and the knocking suppression device
may gradually increase the second low mechanical compres-
s10on ratio toward the mechanical compression ratio set based
on the load, as time elapses, during the second period.

The temperature of the combustion chamber wall surface 1s
maintained at a substantially constant value during the period
from when the cooling device 1s controlled to increase the
cooling efliciency until when a predetermined delay time
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clapses (1.e., during the period until the cooling efficiency
starts to be increased). Accordingly, by maintaining the first
low mechanical compression ratio at a constant value during
the first period as 1n the above-described configuration, it 1s
possible to reliably suppress occurrence of knocking.

Then, the cooling efliciency 1s gradually increased as time
clapses. Thus, the temperature of the combustion chamber
wall surface 1s gradually decreased, and therefore, the possi-
bility of occurrence of knocking 1s also decreased, as time
clapses. Accordingly, 1n the above-described configuration,
the second low mechanical compression ratio 1s gradually
increased as time elapses. Thus, 1t 1s possible to increase the
tuel efficiency, while more reliably suppressing occurrence of
knocking, as compared to the case where the low mechanical
compression ratio 1s maintained at a constant value during the
second period.

In this case, the cooling device may adjust the cooling
cificiency by changing a flow rate of the supplied cooling
medium.

In this case, the cooling medium may be a coolant; and the
cooling device may include an electric pump that supplies the
coolant to the area near the wall surface by discharging the
coolant when the pump 1s driven by electric power.

In the control apparatus for the internal combustion engine
according to another aspect of the invention, the cooling
medium may be a coolant; the cooling device may include an
clectric pump to which electric power 1s supplied, and which
includes a rotor that 1s rotated at a rotational speed corre-
sponding to the electric power supplied to the pump; when the
rotor 1s rotated, the pump may supply the coolant to the area
near the wall surface by discharging the coolant at a higher
flow rate as the rotational speed of the rotor becomes higher;
and the knocking suppression device may control the cooling
device by controlling the electric power supplied to the pump,
and may set the first time point to a time point at which the
rotational speed of the rotor becomes equal to a predeter-
mined threshold rotational speed.

Thus, as the rotational speed of the rotor of the pump
increases, the tlow rate of the coolant supplied to the area near
the combustion chamber wall surface 1s increased. That 1s, the
rotational speed of the rotor i1s closely correlated with the
cooling efficiency. Accordingly, by setting the first time point
to the time point at which the rotational speed of the rotor
becomes equal to the threshold rotational speed as in the
above-described configuration, 1t 1s possible to increase the
actual mechanical compression ratio after the cooling eifi-
ciency 1s sulficiently increased. Therefore, 1t 1s possible to
increase the fuel efficiency, while more reliably suppressing
occurrence of knocking.

In the control apparatus for the internal combustion engine
according to another aspect of the invention, the cooling
device may include an electric pump to which electric power
1s supplied, and which includes a rotor that 1s rotated at a
rotational speed corresponding to the electric power supplied
to the pump; when the rotor is rotated, the pump may supply
the coolant to the area near the wall surface by discharging the
coolant at a igher flow rate as the rotational speed of the rotor
becomes higher; and the knocking suppression device may
control the cooling device by controlling the electric power
supplied to the pump, and may increase the low mechanical
compression ratio as the rotational speed of the rotor
1ncreases.

As described above, as the rotational speed of the rotor
increases, the tlow rate of the coolant supplied to the area near
the combustion chamber wall surface 1s increased, and there-
fore, the cooling efficiency 1s increased. Accordingly, by
increasing the low mechanical compression ratio as the rota-
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tional speed of the rotor increases as in the above-described
configuration, 1t 1s possible to increase the fuel efliciency as
much as possible, while suppressing occurrence of knocking.

In the case where the cooling device includes the pump, 1n
the internal combustion engine, a fixed member, which 1s one
of a cylinder block and a crankcase, may be fixed to the
vehicle, and a movable member, which 1s the other of the
cylinder block and the crankcase, may be movable relative to
the fixed member; the compression ratio change device may
change the actual mechanical compression ratio by moving
the movable member relative to the fixed member; and the
pump may be fixed to a member that 1s not moved relative to
the fixed member when the compression ratio change device
changes the actual mechanical compression ratio.

For example, the pump 1s fixed to the fixed member that
functions as the member that 1s not moved relative to the fixed
member when the compression ratio change device changes
the actual mechanical compression ratio, or the pump 1s fixed
to the vehicle. Thus, 1t 1s possible to reduce the weight of the
member that 1s moved when the actual mechanical compres-
sion ratio 1s changed, as compared to the case where the pump
1s fixed to the movable member that 1s moved when the actual
mechanical compression ratio 1s changed. Accordingly, it 1s
possible to reduce energy consumed by moving the member
that changes the actual mechanical compression ratio. This
increases the fuel efficiency.

In the control apparatus for the internal combustion engine
according to another aspect of the invention, the cooling
device may adjust the cooling efficiency by changing a tem-
perature of the supplied coolant.

In the control apparatus for the internal combustion engine
according to any one of the aspects, the index value obtaining
device may obtain the index value by detecting at least one of
a temperature of the cooling medium, a temperature of air
introduced into the combustion chamber, a pressure of gas 1n
the combustion chamber, and vibration of the internal com-
bustion engine as the mndex value.

As the temperature of the cooling medium increases, the
cooling efficiency 1s decreased. Thus, as the temperature of
the cooling medium increases, the temperature of the com-
bustion chamber wall surface 1s increased, and therefore,
knocking 1s more likely to occur. That 1s, the temperature of
the cooling medium 1s closely correlated with occurrence of
knocking. Also, as the temperature of air introduced 1nto the
combustion chamber (for example, the temperature of air 1n
an 1ntake pipe) increases, the temperature of the end gas 1s
increased, and therefore, knocking 1s more likely to occur.
That 1s, the temperature of air introduced 1nto the combustion
chamber 1s also closely correlated with occurrence of knock-
ing. Also, as the pressure of gas in the combustion chamber
(cylinder pressure) increases, the pressure of the end gas 1s
increased, and therefore, knocking 1s more likely to occur.
That 1s, the pressure of the gas 1n the combustion chamber 1s
also closely correlated with occurrence of knocking.

Further, when knocking occurs, the internal combustion
engine vibrates at a relatively high frequency. Accordingly,
the vibration of the internal combustion engine 1s closely
correlated with occurrence of knocking. In addition, when
knocking occurs, the pressure of the gas in the combustion
chamber 1s sharply increased. Accordingly, the pressure of
the gas 1n the combustion chamber 1s also closely correlated
with occurrence of knocking.

Thus, 1n the above-described configuration, the index value
1s obtained by detecting at least one of the temperature of the
cooling medium, the temperature of air introduced into the
combustion chamber, the pressure of the gas 1n the combus-
tion chamber, and the vibration of the internal combustion
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engine as the index value, and 1t 1s determined whether the
knocking determination condition 1s satisfied based on the
obtained 1ndex value. Thus, 1t 1s possible to appropnately
determine whether the knocking determination condition 1s
satisfied.

In this case, the control apparatus for the internal combus-
tion engine may further include an ignition device that 1gnites
mixed gas formed in the combustion chamber; and an 1ignition
timing control device that controls the 1gnition device so that
the 1ignition device actually 1gnites the mixed gas at an 1gni-
tion timing set based on the load. When the knocking sup-
pression device determines that the knocking determination
condition 1s satisfied, the knocking suppression device may
control the 1gnition device so that the 1ignition device actually
1gnites the mixed gas at a retarded 1gnition timing that 1s more
retarded than the 1gnition timing set based on the load, 1n a
predetermined 1gnition timing retarding control period that
starts at the knocking determination time point.

In the above-described control apparatus, the mechanical
compression ratio 1s decreased at the knocking determination
time point. However, for example, the cylinder block needs to
be moved relative to the crankcase, to change the actual
mechanical compression ratio. Accordingly, the actual
mechanical compression ratio 1s changed after a predeter-
mined control delay time elapses. That 1s, the actual mechani-
cal compression ratio remains relatively high during a period
immediately after the knocking determination time point.
Thus, knocking may occur.

However, in the above-described configuration, the 1gni-
tion timing 1s controlled to the retarded 1gnition timing that 1s
more retarded than the 1gnition timing set based on the load,
at the knocking determination time point. Thus, the pressure
of the end gas 1s decreased, and therefore, occurrence of
knocking 1s suppressed.

In this case, the knocking suppression device may set the
retarded 1gnition timing to a {first retarded 1gnition timing
during a period until a second time point that 1s later than a
time point at which the actual mechanical compression ratio
starts to be increased, 1n the 1gnition timing retarding control
period; and the knocking suppression device may set the
retarded 1gnition timing to a second retarded 1gnition timing
that 1s more advanced than the first retarded 1gnition timing
during a period after the second time point, 1n the 1gnition
timing retarding control period.

Thus, the actual 1gnition timing 1s controlled to the first
retarded 1gnition timing that 1s the suiliciently retarded tim-
ing, during the period from the knocking determination time
point to the second time point. This reduces the possibility of
occurrence of knocking. Accordingly, 1t 1s possible to sup-
press occurrence of knocking even when the actual mechani-
cal compression ratio quickly approaches the mechanical
compression ratio set based on the load of the internal com-
bustion engine. That1s, 1t 1s possible to more quickly make the
actual mechanical compression ratio approach the mechani-
cal compression ratio set based on the load of the internal
combustion engine, while suppressing occurrence of knock-
ing. This increases the fuel efficiency.

Then, during the period after the second time point, the
cooling efficiency 1s sufliciently increased, and therefore, the
temperature ol the combustion chamber wall surface 1s sui-
ficiently decreased. Accordingly, in the above-described con-
figuration, the actual 1gnition timing 1s controlled to the sec-
ond retarded 1gnition timing that 1s more advanced than the
first retarded 1gnition timing. Thus, 1t 1s possible to increase
the fuel efficiency, as compared to the case where the 1gnition
timing 1s controlled to the first retarded 1gnition timing over
the entire 1gnition timing retarding control period.
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In this case, the knocking suppression device may set an
end time point of the 1gnition timing retarding control period
to a time point aiter an end time point of the low compression
ratio control period.

Thus, after the low compression ratio control period ends,
the 1gnition timing retarding control period ends. Accord-
ingly, the actual 1gnition timing 1s controlled to the retarded
ignition timing during the period i which the actual
mechanical compression ratio 1s controlled to the low
mechanical compression ratio. This reduces the possibility of
occurrence of knocking.

Accordingly, 1t 1s possible to suppress occurrence of
knocking even when the actual mechanical compression ratio
quickly approaches the mechanical compression ratio set
based on the load of the internal combustion engine. That 1s,
it 1s possible to more quickly make the actual mechanical
compression ratio approach the mechanical compression
rat1o set based on the load of the internal combustion engine,
while suppressing occurrence of knocking. This increases the
tuel efliciency.

In this case, the compression ratio control device may set
the mechanical compression ratio based on the load so that the
mechanical compression ratio 1s increased as the load
decreases; the compression ratio control device may open an
exhaust valve so that an actual expansion ratio 1s increased as
the load decreases; the actual expansion ratio may be a ratio of
the volume of the combustion chamber at a time point at
which the exhaust valve 1s opened, to a top dead center com-
bustion chamber volume that 1s the volume of the combustion
chamber at a time point at which the piston 1s located at a top
dead center; the compression ratio control device may close
an 1ntake valve so that an actual compression ratio 1s main-
tained at a substantially constant value regardless of the load;
and the actual compression ratio may be a ratio of the volume
of the combustion chamber (CC) at a time point at which the
intake valve 1s closed, to the top dead center combustion
chamber volume.

Thus, as the load decreases, the actual expansion ratio 1s
increased, and therefore, a period during which combustion
gas generated by burning the mixed gas works on the piston 1s
increased. This increases heat efficiency. As a result, the tuel
elficiency 1s 1increased.

Further, the actual compression ratio 1s maintained at a
substantially constant value, regardless of the load. As a
result, 1t 1s possible to avoid an increase 1n the possibility of
occurrence of knocking even when the mechanical compres-
sion ratio 1s increased due to the decrease 1n the load. Thus, 1t
1s possible to increase the fuel efficiency, while suppressing
occurrence of knocking when the load is relatively low.

In this case, the internal combustion engine may be a multi-
cylinder internal combustion engine that includes a plurality
of cylinders; the compression ratio change device may simul-
taneously change the actual mechanical compression ratio of
cach of the cylinders to a same value; the index value obtain-
ing device may obtain the index value for each of the cylin-
ders; the cooling device may adjust the cooling efficiency for
cach of the cylinders; the knocking suppression device may
determine whether the knocking determination condition 1s
satisfied based on the obtained index value for each of the
cylinders; when the knocking suppression device determines
that the knocking determination condition is satisfied 1n at
least one cylinder among the cylinders, the knocking suppres-
s1on device may control the cooling device so that the cooling
elficiency for the at least one cylinder in which the knocking
determination condition 1s satisfied 1s higher than the cooling
elficiency for at least one cylinder among the cylinders, 1n
which the knocking determination condition 1s not satisfied.
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In the internal combustion engine that includes a plurality
of cylinders, knocking 1s likely to occur repeatedly 1n a spe-

cific cylinder. Accordingly, in the above-described configu-
ration, when the knocking determination condition 1s satis-
fied 1n at least one cylinder, the cooling efliciency for the at
least one cylinder 1n which the knocking determination con-
dition 1s satisfied 1s made higher than the cooling efficiency
for at least one cylinder 1n which the knocking determination
condition 1s not satisfied. Thus, 1t 1s possible to suppress
occurrence of knocking in the at least one cylinder 1n which
the knocking determination condition 1s satisfied. In other
words, because the possibility of occurrence of knocking in
cach cylinder 1s made substantially the same, 1t 1s possible to
avoid the situation where the mechanical compression ratio of
the entire engine cannot be increased due to at least one
cylinder 1n which knocking 1s likely to occur.

BRIEF DESCRIPTION OF THE DRAWINGS

The features, advantages and technical and industrial sig-
nificance of this mvention will be better understood by read-
ing the following detailed description of embodiments of the
invention, when considered 1n connection with the accompa-
nying drawings, 1n which:

FIG. 1 1s a schematic configuration diagram of a system to
which a control apparatus for an internal combustion engine
according to a first embodiment of the invention 1s applied to
a spark-1gnition multi-cylinder internal combustion engine;

FIG. 2 1s a schematic configuration diagram of an entire
cooling system, a part of which 1s shown 1n FIG. 1;

FI1G. 3 1s a flowchart showing a program that 1s executed by
a CPU shown 1n FIG. 1 to set controlled variables:

FIG. 4 1s a diagram showing a table defining a relation
between an engine speed/an accelerator-pedal operation
amount and a mechanical compression ratio, to which the
CPU shown 1n FIG. 1 refers:

FIG. 5 1s a flowchart showing a program that 1s executed by
the CPU shown i FIG. 1 to determine whether knocking
OCCUTS;

FIG. 6 1s a time chart showing changes 1n a pump rotational
speed, a mechanical compression ratio correction flag, a
pump rotational speed non-match rate, a mechanical com-
pression ratio, a correction coeificient, an ignition timing
correction flag, and an 1gnition timing;

FI1G. 7 1s a flowchart showing a program that 1s executed by
the CPU shown 1n FIG. 1 to calculate a mechanical compres-
sion ratio correction amount;

FIG. 8 1s a flowchart showing a program that 1s executed by
the CPU shown in FIG. 1 to calculate an 1gnition timing
correction amount;

FI1G. 9 1s a flowchart showing a program that 1s executed by
the CPU shown in FIG. 1 to correct the controlled variables:

FIGS. 10A and 10B are enlarged cross sectional views,
cach of which shows a portion of a cooling system, where a
branch pipe 1s connected to a circulation pipe, according to a
modified example of the first embodiment of the invention;

FIGS. 11A and 11B are explanation diagrams, each of
which conceptually shows the flow of a coolant 1n the cooling
system according to the modified example of the first embodi-
ment of the invention;

FIG. 12 1s a flowchart showing processes that are executed
by the CPU to control an opening degree of a branch flow rate
regulating valve according to the modified example of the first
embodiment of the invention, 1n addition to the program
shown 1n FIG. 5;

FIG. 13 1s a flowchart showing a program that 1s executed
by the CPU to calculate a mechanical compression ratio cor-
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rection amount according to a second embodiment of the
invention, mstead of the program shown 1n FIG. 8; and
FIG. 14 1s a time chart showing changes 1n the pump
rotational speed, the pump rotational speed non-match rate,
the mechanical compression ratio correction flag, the
mechanical compression ratio, the correction coelficient, the
ignition timing correction tlag, and the 1gnition timing.

DETAILED DESCRIPTION OF EMBODIMENTS

In the following description and the accompanying draw-
ings, the present invention will be described 1n greater detail
with reference to example embodiments.

A first embodiment of the invention will be described. FIG.
1 schematically shows the configuration of a system 1n which
a control apparatus according to the first embodiment of the
invention 1s applied to a spark-ignition multi-cylinder (four-
cylinder) internal combustion engine. FIG. 1 shows a cross
section of only a specific cylinder. However, other cylinders
have the same configuration.

The internal combustion engine 10 1s provided 1n a vehicle
(not shown). The internal combustion engine 10 includes a
cylinder block portion 20, a cylinder head portion 30, an
intake/exhaust system 40, and a cooling system 50 that con-
stitutes a part of the cooling device.

The cylinder block portion 20 includes a cylinder block 21
that functions as the movable member, a crankcase 22 that
functions as the fixed member, pistons 23, connection rods
24, and a crankshaft 25.

FI1G. 2 1s a schematic diagram showing a cross section of
the cylinder block 21 taken along a plane extending along the
line 2-2 1n FIG. 1. As shown 1n FIG. 1 and FIG. 2, a plurality
of cylinder bores 21a (four cylinder bores 21a in the embodi-
ment) are formed 1n the cylinder block 21. Each cylinder bore
21a1s acolumnar hole that extends through the cylinder block
21 1n a bore central axis direction BC. The bore central axes
BC of all the cylinder bores 21a are positioned in one plane
(bore central axis arrangement plane) BDP.

Further, 1n the cylinder block 21, a block-side water jacket
215, which constitutes a part of the cooling device, 1s formed.
The block-side water jacket 215 1s a passage through which a
coolant passes. The block-side water jacket 215 1s disposed to
surround all the cylinder bores 21a.

As shown 1n FIG. 2, two openming portions 21¢1 and 212
are formed 1n a side surface 21¢ that 1s one side surface of the
cylinder block 21, and that 1s parallel to the bore central axis
arrangement plane BDP. The opening portions 21¢1 and 21¢2
are connected to the block-side water jacket 215. The opening
portions 21c1 and 212 are disposed close to respective end
portions of the side surface 21¢ 1n a bore central axis arrange-
ment direction BD that 1s parallel to the bore central axis
arrangement plane BDP, and that 1s orthogonal to the bore
central axis direction BC.

The crankcase 22 1s fixed to the vehicle (i.e., the vehicle
body of the vehicle). As shown in FIG. 1, the crankcase 22 1s
disposed adjacent to the cylinder block 21 1n the bore central
axis direction BC. The crankcase 22 houses a crankshaft 25,
and rotatably supports the crankshait 25.

The crankcase 22 and the cylinder block 21 are configured
in a manner such that the cylinder block 21 1s movable relative
to the crankcase 22 in the bore central axis direction BC.
Hereinaiter, 1n this specification, a direction from the cylinder
block 21 toward the crankcase 22 will be referred to as
“downward direction”, and a direction from the crankcase 22
toward the cylinder block 21 will be referred to as “upward
direction”.
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The piston 23 1s housed 1n the cylinder bore 21a. The piston
23 1s reciprocated in the cylinder bore 21a. The reciprocating
movement of the piston 23 1s transmitted to the crankshaft 25
through the connecting rod 24. Thus, the crankshatit 25 1s
rotated.

Further, the cylinder block portion 20 includes a compres-
s10n ratio change device 26 that functions as the compression
ratio change device, and a compression ratio control device
27. The detail of the mechanism 1s well known, and described

in, for example, Japanese Patent Application Publication No.
2003-206771 (JP-A-2003-206771) and Japanese Patent
Application Publication No. 2007-056837 (JP-A-2007-
056837). Accordingly, 1n the specification, the detailed
description of the mechanism will be omitted, and only the
general configuration of the mechanism will be described.

The compression ratio change device 26 connects the cyl-
inder block 21 to the crankcase 22. The compression ratio
change device 26 1s driven by the compression ratio control
device 27 to move the cylinder block 21 relative to the crank-
case 22 1n the bore central axis direction BC, thereby chang-
ing a distance between the cylinder block 21 and the crank-
case 22 in the bore central axis direction BC.

The cylinder head portion 30 1s fixed to the upper portion of
the cylinder block 21. With the configuration, a combustion
chamber CC 1s formed by a wall surface that constitutes the
cylinder bore 21« (i.e., a bore wall surface), the head of the
piston 23, and the lower surface of the cylinder head portion
30. Further, when the compression ratio change device 26
moves the cylinder block 21 relative to the crankcase 22 1n the
bore central axis direction BC, the actual mechanical com-
pression ratio of the internal combustion engine 10 1s
changed. The mechanical compression ratio of the internal
combustion engine 10 is a ratio of the maximum value of the
volume of the combustion chamber CC to the mimimum value
ol the volume of the combustion chamber CC. The volume of
the combustion chamber CC 1s changed according to the
reciprocating movement of the piston 23. That 1s, the actual
mechanical compression ratio of each of the cylinders 1s
simultaneously changed to the same value.

The cylinder head portion 30 includes intake ports 31 con-
nected to the respective combustion chambers CC; intake
valves 32 that open/close the respective intake ports 31; a
variable intake timing device 32a that includes an intake
camshatt that drives the intake valves 32, and that continu-
ously changes the phase angle of the intake camshaift; an
actuator 326 for the variable intake timing device 32a;
exhaust ports 33 connected to the respective combustion
chambers CC; exhaust valves 34 that open/close the respec-
tive exhaust ports 33; an exhaust camshaift 34q that drives the
exhaust valves 34; 1ignition plugs 35 that generate sparks 1n
the respective combustion chambers CC when high voltage 1s
applied to the 1gnition plugs 35; 1igniters 36 that include 1gni-
tion coils that generate the high voltage to be applied to the
respective 1ignition plugs 35; and mjectors 37 that inject fuel
into the respective intake ports 31 so that the fuel 1s supplied
to the respective combustion chambers CC 1n response to
instruction signals. The 1gnition plug 35 and the igniter 36
constitute the ignition device that 1ignites mixed gas formed 1n
the combustion chamber CC.

In the cylinder head portion 30, a head-side water jacket
30a that constitutes a part of the cooling device 1s formed. The
head-side water jacket 30a 1s a passage through which the
coolant passes. The head-side water jacket 30a 1s disposed to
surround the combustion chambers CC of all the cylinders.
The head-side water jacket 30q 1s connected to the block-side
water jacket 215 at a plurality of positions.
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The intake/exhaust system 40 includes an itake manifold
41 and an exhaust manifold 42. The intake manifold 41 1s
fixed to the cylinder head portion 30. In the intake manifold
41, a plurality of independent passages are formed. The plu-
rality of passages are connected to the intake ports 31 of the
respective cylinders. The intake manifold 41 1s connected to
an intake pipe (not shown) through which air taken from an
outside of the mnternal combustion engine 10 1s introduced
into the cylinder block portion 20.

The exhaust manifold 42 1s fixed to the cylinder head
portion 30. In the exhaust manifold 42, a plurality of inde-
pendent passages are formed. The plurality of passages are
connected to the exhaust ports 33 of the respective cylinders.
The exhaust manifold 42 1s connected to an exhaust pipe (not
shown) through which exhaust gas discharged from the cyl-
inder block portion 20 1s discharged to the outside of the
internal combustion engine 10.

As shown 1n FIG. 2, the cooling system 50 includes a
circulation pipe 51, a branch pipe 52, an electric water pump
53, and a radiator 54.

One end of the circulation pipe 51 1s connected to the
cylinder block 21 so that the inner space of the circulation
pipe 51 1s connected to the block-side water jacket 215
through the opening portion 21c1.

The other end of the circulation pipe 51 1s connected to the
cylinder block 21 through an opening portion 213 so that the
iner space of the circulation pipe 51 1s connected to the
block-side water jacket 215. In the cross section of the cylin-
der block 21 taken along a plane orthogonal to the bore central
axis direction BC, the opening portion 21¢3 1s formed 1n a
corner portion of the cylinder block 21 that 1s diagonally
opposite to a corner portion of the cylinder block 21 that 1s
closest to the opening portion 21c1.

One end of the branch pipe 52 i1s connected to the circula-
tion pipe 51 at a position close to the opening portion 21c1 so
that the inner space of the branch pipe 52 1s connected to the
inner space of the circulation pipe 51. The other end of the
branch pipe 52 1s connected to the cylinder block 21 so that
the 1nner space of the branch pipe 52 1s connected to the
block-side water jacket 215 through the opening portion
21c2.

The water pump 53 1s disposed 1n the circulation pipe 51 at
a position upstream of a position where the branch pipe 52 1s
connected to the circulation pipe 31 1n a direction 1n which the
coolant flows toward the cylinder block 21. The water pump
53 1s connected to a power source (not shown). The power
source supplies electric power.

The water pump 33 includes a motor 53a and a rotor 535.
The motor 53a includes a rotational shaft. In the motor 53a,
the rotational shaft i1s rotated at higher torque, as the electric
power supplied to the motor 53a becomes higher. The rotor
53b 1s rotated integrally with the rotational shaft. The rotor
535 includes a plurality of blades 3351. The water pump 53
compresses and discharges the coolant using the blades 5351
when the rotor 5356 1s rotated. With the configuration, the
water pump 33 discharges the coolant at a higher flow rate, as
the rotational speed of the rotor 335 becomes higher.

The water pump 53 1s fixed to the vehicle, as well as the
crankcase 22. That 1s, the water pump 53 1s fixed to the
member (vehicle body) that 1s not moved relative to the crank-
case 22 that 1s the fixed member, when the compression ratio
change device 26 changes the actual mechanical compression
rat10. The water pump 53 may be fixed to the crankcase 22.

Thus, 1t 1s possible to reduce the weight of the member that
1s moved when the actual mechanical compression ratio 1s
changed, as compared to the case where the water pump 33 1s
fixed to the cylinder block portion 20 that 1s moved when the

10

15

20

25

30

35

40

45

50

55

60

65

12

actual mechanical compression ratio 1s changed. Accord-
ingly, 1t 1s possible to reduce the energy consumed by moving
the member to change the actual mechanical compression
rat10. As a result, fuel efficiency 1s increased.

The radiator 34 1s disposed 1n the circulation pipe 51 at a
position upstream of the water pump 53 1n the direction in
which the coolant tlows toward the cylinder block 21. The
radiator 54 cools the coolant 1n the circulation pipe 51 by
radiating the heat of the coolant to the atmosphere.

With the configuration, the coolant 1s circulated 1n the
block-side water jacket 215, the head-side water jacket 30a,
and the cooling system 50. Accordingly, the coolant in the
block-side water jacket 215 and the head-side water jacket
30a receives heat from the wall surface constituting the com-
bustion chamber CC (1.e., the combustion chamber wall sur-
face that includes, for example, the bore wall surface and the
lower surface of the cylinder head portion 30), and thus, the
combustion chamber wall surface 1s cooled by the coolant.

Further, the cooling system 30 includes a bypass pipe 55
and a bypass flow rate regulating valve 55a. One end of the
bypass pipe 55 1s connected to the circulation pipe 31 at a
position upstream of the radiator 34. The other end of the
bypass pipe 55 1s connected to the circulation pipe 31 at a
position downstream of the radiator 34. That 1s, the bypass
pipe 55 constitutes a passage through which the coolant 1n the
circulation pipe 51 tlows to bypass the radiator 54.

The bypass flow rate regulating valve 55a 1s a thermostat
valve. By changing an opening degree (not shown) of the
bypass flow rate regulating valve 5354, the flow rate of the
coolant tlowing into the radiator 54 and the flow rate of the
coolant bypassing the radiator 54 are adjusted. The opening
degree of the bypass tlow rate regulating valve 35q 1is
decreased as the temperature of the coolant flowing near the
bypass tlow rate regulating valve 35a increases. With the
configuration, the bypass flow rate regulating valve 55q main-
tains a temperature Tw of the coolant (1.e., a coolant tempera-
ture Tw) at a substantially constant value, by increasing the
flow rate of the coolant tlowing into the radiator 54 as the
temperature of the coolant increases.

As shown 1n FIG. 1, the system includes a coolant tem-
perature sensor 61, a knock sensor 62 that functions as the
index value obtaining device, a crank position sensor 63, a
cam position sensor 64, a pump rotational speed sensor 65, an
accelerator-pedal operation amount sensor 66, and an electric
control unit 70.

The coolant temperature sensor 61 detects the temperature
Tw of the coolant (1.¢., the coolant temperature Tw) in the
block-side water jacket 215, and outputs a signal indicating
the coolant temperature Tw. The knock sensor 62 detects
vibration V¢ of the cylinder block portion 20 as an index value
relating to occurrence of knocking, and outputs a signal indi-
cating the vibration Vc.

The crank position sensor 63 outputs a signal including a
short-duration pulse that occurs each time the crankshaft 25 1s
rotated by 10 degrees, and a long-duration pulse that occurs
cach time the crankshaft 25 is rotated by 360 degrees. The
signal indicates an engine speed NE. The cam position sensor
64 outputs a signal (G2 signal) including a pulse that occurs
cach time the intake camshait 1s rotated by 90 degrees (that s,
cach time the crankshatt 25 1s rotated by 180 degrees).

The pump rotational speed sensor 63 outputs a signal each
time the rotor 535 of the water pump 33 is rotated by 360
degrees. The signal indicates an actual pump rotational speed
NPa. The accelerator-pedal operation amount sensor 66
detects an operation amount Accp of an accelerator pedal AP
operated by the driver, and outputs a signal indicating the
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operation amount Accp of the accelerator pedal AP (1.e., an
accelerator-pedal operation amount Accp).

The electric control unit 70 1s a microcomputer that
includes aCPU 71,aROM 72, a RAM 73, a backup RAM 74,
and an 1terface 75 including an AD converter. The CPU 71,
the ROM 72, the RAM 73, the backup RAM 74, and the
interface 75 are connected to each other by a bus. Programs
executed by the CPU 71, tables (lock-up tables, and maps),
constants, and the like are stored in the ROM 72 1n advance.
The CPU 71 temporarily stores data in the RAM 73 according
to need. When electric power 1s supplied to the backup RAM
74, data is stored 1n the backup RAM 74. In addition, when the
supply of electric power to the backup RAM 74 1s interrupted,
the data stored in the backup RAM 74 1s retained. The inter-
face 75 includes an AD converter. The interface 735 1s con-
nected to the sensors 61 to 66, and supplies the signals from
the sensors 61 to 66 to the CPU 71. In addition, the interface
75 transmits drive signals (instruction signals) to the com-
pression ratio control device 27, the actuator 3256 for the
variable intake timing device 324, the igniters 36, the 1njec-
tors 37, and the water pump 33 according to the instruction
from the CPU 71.

Next, operation of the control apparatus for the internal
combustion engine with the above described configuration
will be summarized. The control apparatus determines
whether knocking occurs based on a voltage signal V¢ output
from the knock sensor 62. When knocking occurs, the control
apparatus controls the water pump 53 to increase the actual
pump rotational speed NPa, by increasing a set pump rota-
tional speed NP. Further, the control apparatus controls the
actual mechanical compression ratio to a low mechanical
compression ratio that 1s lower than the mechanical compres-
sion rat1o set based on the load of the internal combustion
engine 10 1n a predetermined low compression ratio control
period that starts at a time point at which knocking occurs.
Thus, the pressure of end gas 1s decreased, and therefore,
occurrence of knocking is suppressed.

Then, the actual pump rotational speed NPa 1s increased.
Accordingly, the tlow rate of the coolant discharged from the
water pump 33 1s increased. This increases cooling efficiency
that indicates the magnitude of heat energy transierred to the
coolant from the combustion chamber wall surface per unit
time. Thus, the temperature of the combustion chamber wall
surface 1s decreased. As a result, the temperature of the end
gas 1s decreased, which suppress occurrence of knocking.

When the low compression ratio control period ends, the
control apparatus returns the actual mechanical compression
ratio to the mechanical compression ratio set based on the
load of the internal combustion engine 10. Thus, with the
control apparatus, it 1s possible to suppress occurrence of
knocking, while avoiding the situation where the actual
mechanical compression ratio continues to be controlled to
the low mechanical compression ratio that 1s lower than the
mechanical compression ratio set based on the load. That 1s, 1t
1s possible to suppress occurrence of knocking, while avoid-
ing inhibition of an 1ncrease in the fuel efficiency.

Next, the actual operation of the electric control unit 70
will be described 1n detail, with reference to FIG. 3 to FIG. 9.

[Setting of Controlled Variables]

The CPU 71 of the electric control unit 70 executes a
controlled variable setting routine shown in the flowchart 1n
FIG. 3, each time the expansion stroke of each cylinder ends
(that1s, each time the crankshaft 25 i1s rotated by 180 degrees).

Accordingly, the CPU 71 starts the controlled variable
setting routine from step 300 at a predetermined timing. Then,
the CPU 71 proceeds to step 305. In step 305, the CPU 71
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by the accelerator-pedal operation amount sensor 66. Subse-
quently, 1n step 310, the CPU 71 reads the engine speed NE
detected by the crank position sensor 63. In the embodiment,
the accelerator-pedal operation amount Accp indicates the
load of the internal combustion engine 10. The load of the
internal combustion engine 10 may be indicated by required
torque determined based on the accelerator-pedal operation
amount Accp and the engine speed NE.

Then, the CPU 71 proceeds to step 315. In step 315, the
CPU 71 reads the coolant temperature Tw detected by the
coolant temperature sensor 61. Then, the CPU 71 proceeds to
step 320. In step 320, the CPU 71 sets an 1gnition timing ¢
(¢0=¢1 1n this step), based on a table Map ¢ that defines a
relation between the accelerator-pedal operation amount
Accp/the engine speed NE and the ignition timing ¢, the
accelerator-pedal operation amount Accp read 1n step 305,
and the engine speed NE read in step 310. Executing the
process 1n step 320 may be regarded as performing a part of
the function of the 1gnition timing control device.

The table Map ¢ 1s set 1n advance so that the degree of the
heat efficiency at the 1gnition timing ¢ set based on the table
Map ¢ 1s highest under a given operating condition. The
1gnition timing ¢ 1s represented in terms of BTDC (before top
dead center). The crank angle BTDC (crank angle before top
dead center) 1s defined for each cylinder. The positive value of
the crank angle BTDC indicates the rotational angle of the
crankshait 25 (crank angle) with respect to the compression
top dead center of each cylinder, 1n a direction opposite to the
rotational direction of the crankshatt 25.

Heremaftter, a table “MapX (a, b)” signifies a table that
defines a relation between a variable “a”, a variable “b”, and
a value “X”. The phrase “the value X 1s set based on the table
MapX (a, b)” signifies that the value X 1s set based on the
current variable “a” and the current variable “b”, and the table
MapX (a, b). Only one vaniable, or three or more variables
may be used.

Then, the CPU 71 proceeds to step 325. In step 325, the
CPU 71 sets a mechanical compression ratio € (e=€l 1n this
step), based on a table Map € (Accp, NE). As shown 1n FIG.
4, the table Map € 1s set in advance so that the mechanical
compression ratio € set based on the table map € decreases as
the accelerator-pedal operation amount Accp increases.
Executing the process in step 325 may be regarded as per-
forming a part of the function of the compression ratio control
device.

Then, the CPU 71 proceeds to step 330. In step 330, the
CPU 71 sets the pump rotational speed NP (NP=NP1 1n this
step), based on a table MapNP (Accp, NE, Tw). The table
MapNP is set in advance so that the pump rotational speed NP
set based on the table MapNP increases as the coolant tem-
perature Tw increases, and the pump rotational speed NP set
based on the table MapNP increases as the accelerator-pedal
operation amount Accp 1ncreases.

Then, the CPU 71 proceeds to step 335. In step 335, the
CPU 71 sets a fuel injection amount t based on a table Map t
(Accp, NE). The table Map T 15 set in advance so that the fuel
injection amount T set based on the table Map T increases as
the accelerator-pedal operation amount Accp increases.
Then, the CPU 71 proceeds to step 399. In step 399, the CPU
71 finishes the routine.

Further, the CPU 71 executes a knocking determination
routine shown by a flowchart 1n FIG. 5, after the controlled
variable setting routine 1s finished. Executing the routine in
FIG. Smay beregarded as performing a part of the function of
the knocking suppression device.

Thus, after the controlled variable setting routine 1s
executed, the CPU 71 starts the knocking determination rou-
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tine from step 500, and proceeds to step 505. In step 505, the
CPU 71 calculates a knocking strength SN based on the
vibration V¢ of the cylinder block portion 20 detected by the
knock sensor 62. In the embodiment, the knocking strength
SN 1s the maximum value of the amplitude of the vibration V¢
of the cylinder block portion 20 during a period in which the
crankshaft 25 1s rotated by 180 degrees (that 1s, during the
expansion stroke of one cylinder). That 1s, the CPU 71 obtains
the index value for each of the plurality of cylinders.

Then, the CPU 71 proceeds to step 510. In step 510, the
CPU 71 determines whether the knocking strength SN calcu-
lated 1n step 510 1s higher than a threshold strength SNth. The
threshold strength SNth 1s set 1n advance to a value that 1s
slightly lower than the value of the knocking strength SN
when knocking actually occurs. That 1s, 1n step 510, 1t 1s
determined whether the condition that knocking occurs is
satisfied. This condition may be referred to as “knocking
determination condition” 1n this specification.

FIG. 6 shows the case where knocking occurs for some
reason at a time point tl. First, processes executed during a
period A before the time point t1 1n this case will be described.

At this time point during the period A, knocking does not
occur, and therefore, the knocking strength SN 1s lower than
the threshold strength SNth. Accordingly, the CPU 71 makes
a negative determination in step 510, and proceeds directly to
step 599. In step 599, the CPU 71 {inishes the routine.

In addition, the CPU 71 executes a mechanical compres-
s10n ratio correction amount calculation routine shown by a
flowchart 1n FIG. 7, after the knocking determination routine
1s finished. Executing the routine 1n FIG. 7 may beregarded as
performing a part of the function of the knocking suppression
device.

Thus, after the knocking determination routine 1s finished,
the CPU 71 starts the mechanical compression ratio correc-
tion amount calculation routine from step 700, and proceeds
to step 705. In step 705, the CPU 71 determines whether the
value of a mechanical compression ratio correction tlag Xe 1s
“17.

The mechanical compression ratio correction flag Xe 1ndi-
cates whether the mechanical compression ratio € set 1n step
325 needs to be corrected. When the value of mechanical
compression ratio correction tlag Xe 1s “1”°, the mechanical
compression ratio correction flag Xe indicates that the
mechanical compression ratio € needs to be corrected. When
the value of mechanical compression ratio correction flag Xe
1s “0”, the mechanical compression ratio correction flag Xe
indicates that the mechanical compression ratio € does not
need to be corrected. As described later, the value of the
mechanical compression ratio correction tlag Xe 1s set to “1”
when 1t 1s determined that knocking occurs (refer to step 543).
The value of the mechanical compression ratio correction flag
Xe 15 set to “0” when the actual pump rotational speed (1.e.,
the pump rotational speed detected by the pump rotational
speed sensor 65) NPa 1s equal to the pump rotational speed
NP set 1 step 330 (refer to step 740). Note that when the
internal combustion engine 10 1s started, the value of the
mechanical compression ratio correction flag Xe 1s setto “0”.

In this situation, knocking does not occur, and therefore,
the value of the mechanical compression ratio correction flag
Xe remains “0”. Accordingly, the CPU 71 makes a negative
determination 1n step 7035, and proceeds to step 710. In step
710, the CPU 71 sets a mechanical compression ratio correc-
tion amount Ae to “0”. Then, the CPU 71 proceeds directly to
step 799. In step 799, the CPU 71 finishes the routine.

Further, the CPU 71 executes an 1gnition timing correction
amount calculation routine shown by a tlowchart in FIG. 8,
after the mechanical compression ratio correction amount
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calculation routine 1s finished. Executing the routine in FIG.
8 may be regarded as performing a part of the function of the
knocking suppression device.

Thus, after the mechanical compression ratio correction
amount calculation routine 1s finished, the CPU 71 starts the
ignition timing correction amount calculation routine from
step 800, and proceeds to step 805. In step 805, the CPU 71
determines whether the value of an 1ignition timing correction
flag X¢ 1s “17.

The 1gnition timing correction flag X¢ 1ndicates whether
the 1gnition timing ¢ set 1n step 320 needs to be corrected.
When the value of the 1gnition timing correction tlag X¢ 1s
“1” or “27, the 1igmition timing correction flag X¢ 1ndicates
that the 1gnition timing ¢ needs to be corrected. When the
value of the 1gnition timing correction flag X¢ 1s “0”, the
1gnition timing correction flag X¢ indicates that the 1gnition
timing ¢ does not need to be corrected. As described later, the
value of the 1ignition timing correction tlag X¢ 1s set to “1”
when 1t 1s determined that knocking occurs (refer to step 540).
The value of the 1gnition timing correction flag X¢ 1s set to
“2” when a timing control variable Ke 1s equal to a predeter-
mined threshold value Keth (refer to step 835). The value of
the 1gnition timing correction flag X¢ 1s set to “0” when an
1gnition timing correction amount A¢ for the ignition timing
¢ 1s “0” (refer to step 860). Note that the value of the 1gnition
timing correction flag X¢ 1s set to “0” when the internal
combustion engine 10 1s started.

In this situation, knocking does not occur, and therefore,
the value of the 1gnition timing correction flag X¢ remains
“0”. Accordingly, the CPU 71 makes a negative determina-
tion 1n step 805, and proceeds to step 810. In step 810, the
CPU 71 determines whether the value of the 1ignmition timing
correction flag X¢ 1s “2”. Then, the CPU 71 makes a negative
determination 1n step 810, and proceeds to step 815. In step
815, the CPU 71 sets the value of the 1gnition timing correc-
tion flag X¢ to “0””. Then, the CPU 71 proceeds directly to step
899. In step 899, the CPU 71 finishes the routine.

In addition, the CPU 71 executes a controlled variable
correction routine shown by a flowchart in FIG. 9, after the
1gnition timing correction amount calculation routine 1s fin-
ished. Executing the routine 1n FIG. 9 may be regarded as
performing a part of the function of the knocking suppression
device.

Thus, after the 1gnition timing correction amount calcula-
tion routine 1s finished, the CPU 71 starts the controlled
variable correction routine from step 900, and proceeds to
step 905. In step 9035, the CPU 71 corrects the 1ignition timing,
¢ by setting the 1ignition timing ¢ to a value ¢—A¢ obtained by
subtracting the 1gnition timing correction amount A¢p (A¢=0
at this time point) calculated 1n the 1gnition timing correction
amount calculation routine 1n FIG. 8 from the 1gnition timing
¢ (¢=¢1 at this time point) set 1n step 320. However, because
the 1gnition timing correction amount A¢ 1s 0 (A¢p=0) at this
time point, the 1gnition timing ¢ 1s not actually corrected.

Then, the CPU 71 proceeds to step 910. In step 910, the
CPU 71 corrects the mechanical compression ratio € by set-
ting the mechanical compression ratio € to a value e-Ae
obtained by subtracting the mechanical compression ratio
correction amount Ae (Ae=0 at this time point) calculated 1n
the mechanical compression ratio correction amount calcu-
lation routine in FIG. 7 from the mechanical compression
ratio € (e=el at this time point) set 1n step 325. However,
because the mechanical compression ratio correction amount
Ae 15 0 (Ae=0) at this time point, the mechanical compression
ratio € 1s not actually corrected.

Then, the CPU 71 proceeds to step 915. In step 915, the

CPU 71 sets a fuel injection amount correction amount At
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based on the table MapAt (Accp, NE, A¢, Ae€). The table
MapArT 1s set in advance so that torque output from the inter-
nal combustion engine 10 when 1njecting fuel in an amount
obtained by adding the fuel injection amount correction
amount At set based on the table MapAr to the fuel 1njection
amount T set 1 step 335 15 equal to torque output from the
internal combustion engine 10 when injecting the fuel 1n the
tuel imjection amount T set 1n step 335 1n the case where both
of the 1ignition timing correction amount A¢ and the mechani-
cal compression ratio correction amount Ae are “0”. Accord-
ingly, because both of the 1gnition timing correction amount
A¢ and the mechanical compression ratio correction amount
Ae are “0” (At=Ae=0) at this time point, the fuel 1njection
amount correction amount At 1s “0” (At=0).

Then, the CPU 71 proceeds to step 920. In step 920, the
CPU 71 corrects the fuel injection amount T by setting the tuel
injection amount T to a value t+At obtained by adding the fuel
injection amount correction amount At (At=0 at this time
point) set 1n step 915 to the fuel injection amount T set 1n step
335. However, because the fuel injection amount correction
amount At 1s 0 (At=0) at this time point, the fuel 1njection
amount T 1s not actually corrected. Then, the CPU 71 pro-
ceeds to step 999. In step 999, the CPU 71 fimishes the routine.

Further, the CPU 71 executes a pump rotational speed
control routine (not shown), after the controlled variable cor-
rection routine 1s finished. Thus, after the controlled variable
correction routine 1s finished, the CPU 71 controls the electric
power supplied to the water pump 33 by transmitting the drive
instruction signal to the water pump 53 to make the actual
pump rotational speed NPa equal to the set pump rotational
speed NP (NP=NP1 at this time point). Executing the pump
rotational speed control routine may be regarded as perform-
ing a part of the function of the knocking suppression device.

In addition, the CPU 71 executes a mechanical compres-
s1on ratio control routine (not shown), after the pump rota-
tional speed control routine 1s finished. Thus, after the pump
rotational speed control routine 1s finished, the CPU 71 trans-
mits the drive imnstruction signal to the compression ratio
control device 27 to make the actual mechanical compression
rat1o equal to the mechanical compression ratio € (e=el at this
time point) set 1n step 910. Executing the mechanical com-
pression ratio control routine may be regarded as performing
a part of the function of the compression ratio control device
and a part of the function of the knocking suppression device.

Also, the CPU 71 executes an 1gnition timing control rou-
tine (not shown) for each cylinder independently, each time
the crankshaift 25 is rotated by a predetermined small angle.
Thus, at a predetermined timing, the CPU 71 determines
whether the crank angle 1n the n cylinder (n=1, 2, 3, or 4) 1s
equal to the 1ignition timing ¢ (¢=¢1 at this time point) set 1n
step 905. When the CPU 71 determines that the crank angle 1n
the n cylinder 1s equal to the 1gnition timing ¢, the CPU 71
transmits the instruction signal to the igniter 36 for the n
cylinder so that the 1gniter 36 for the n cylinder generates a
spark. Executing the 1gnition timing control routine may be
regarded as performing a part of the function of the 1gnition
timing control device, and a part of the function of the knock-
ing suppression device.

Further, the CPU 71 executes a fuel injection control rou-
tine (not shown) for each cylinder independently, each time
the crankshaift 25 is rotated by a predetermined small angle.
Thus, at a predetermined timing, the CPU 71 determines
whether the crank angle in the n cylinder 1s equal to a prede-
termined fuel 1njection start timing. When the CPU 71 deter-
mines that the crank angle in the n cylinder 1s equal to the
predetermined fuel 1njection start timing, the CPU 71 trans-
mits the instruction signal to the injector 37 for the n cylinder
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so that the injector 37 for the n cylinder 1njects the fuel in the
fuel 1njection amount T corrected 1n step 920.

Then, knocking occurs at the time point t1. Accordingly,
the knocking strength SN becomes higher than the threshold
strength SNth. Thus, when the CPU 71 starts the knocking
determination routine 1n FIG. 5 at this time point, and pro-
ceeds to step 510, the CPU 71 makes an affirmative determi-
nation in step 310, and proceeds to step 515. In the specifica-
tion, the time point t1 at which it 1s determined that knocking
occurs (that 1s, the time point t1 at which the knocking deter-
mination condition 1s satisfied) may be referred to as “knock-
ing determination time point”.

In step 513, the CPU 71 sets an 1gnition timing correction
basic amount A0 based on a table Map A¢p0 (Accp, NE). The
table Map A¢0 1s set 1n advance so that the value of the
1gnition timing basic correction amount A¢0 set based on the
table Map A¢0 1s a positive value.

Then, the CPU 71 proceeds to step 520. In step 520, the
CPU 71 sets a mechanical compression ratio basic correction
amount Ael based on a table Map Ae0 (Accp, NE). The table
Map Ae0 1s set 1n advance so that the value of the mechanical
compression ratio basic correction amount A€ based on the
table Map Ae0 1s a positive value.

Then, the CPU 71 proceeds to step 525. In step 525, the
CPU 71 sets a pump rotational speed correction amount ANP
based on a table Map ANP (Accp, NE, Tw). The table Map
ANP 1s set 1n advance so that the value of the pump rotational
speed correction amount ANP set based on the table Map ANP
1s a positive value.

Then, the CPU 71 proceeds to step 530. In step 530, the
CPU 71 corrects the set pump rotational speed NP by setting
the pump rotational speed NP to a value NP+ANP (the value
NP+ANP=NP2) obtained by adding the pump rotational
speed correction amount ANP set 1 step 5235 to the pump
rotational speed NP set 1n step 330.

Then, the CPU 71 proceeds to step 535. In step 535, the
CPU 71 updates the table MapNP so that the pump rotational
speed NP set based on the accelerator-pedal operation amount
Accp, the engine speed NE, and the coolant temperature Tw
read 1n step 305 to step 315, and the table MapNP 1s equal to
the set pump rotational speed NP (=NP2) calculated in step
530.

Then, the CPU 71 proceeds to step 540. In step 540, the
CPU 71 sets the value of the 1gnition timing correction flag
X¢ to “1”. Subsequently, the CPU 71 sets the value of the
mechanical compression ratio correction flag Xe to “1” 1n
step 545. Then, the CPU 71 proceeds to step 550. In step 350,
the CPU 71 sets the value of a timer T to “0”, thereby starting
measurement of an elapsed time after the current time point
(1.e., the elapsed time after each of the value of the 1gnition
timing correction tlag X¢ and the value of the mechanical
compression ratio correction flag Xe 1s changed from “0” to
“17, that 1s, the elapsed time after 1t 1s determined that knock-
ing occurs). Then, the CPU 71 proceeds to step 599. In step
599, the CPU 71 finishes the routine.

In this situation, when the CPU 71 starts the mechanical
compression ratio correction amount calculation routine 1n
FIG. 7, and proceeds to step 705, the CPU 71 makes an
allirmative determination 1n step 705, and proceeds to step
715. In step 715, the CPU 71 reads the actual pump rotational
speed NPa detected by the pump rotational speed sensor 65 1n

step 713.

Then, the CPU 71 proceeds to step 720. In step 720, the
CPU 71 calculates a value (NP-NPa)/ANP as a pump rota-
tional speed non-match rate RNR The value (INP-NPa)/ANP
1s obtained by dividing a value NP-NPa, which 1s obtained by
subtracting the actual pump rotational speed NPa read 1n step
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715 from the pump rotational speed NP (NP=NP2 at this time
point) set 1n step 530, by the pump rotational speed correction
amount ANP set in step 525. That 1s, the pump rotational
speed non-match rate RNP indicates the degree of the differ-
ence between the actual pump rotational speed NPa and the
pump rotational speed NP set 1n step 530. As the value of the
pump rotational speed non-match rate RNP approaches “07,
the difference decreases.

Then, the CPU 71 proceeds to step 725. In step 725, the
CPU 71 determines whether the value of the pump rotational
speed non-match rate RNP calculated 1n step 720 1s a positive
value. Because the value NP-NPa 1s equal to the pump rota-
tional speed correction amount ANP at this time point, the
pump rotational speed non-match rate RNP 1s “17.

Accordingly, the CPU 71 makes an aflirmative determina-
tion 1n step 725, and proceeds to step 730. In step 730, the
CPU 71 calculates a value RNPxAe0 as a mechanical com-
pression ratio correction amount Ae (Ae=Ael at this time
point). The value RNPxAe€0 1s obtained by multiplying the
mechanical compression ratio basic correction amount Ael)
set 1n step 520 by the pump rotational speed non-match rate
RNP calculated 1n step 720. Then, the CPU 71 proceeds to
step 799. In step 799, the CPU 71 {finishes the routine.

In addition, when the CPU 71 starts the ignition timing,
correction amount calculation routine 1n FIG. 8, and proceeds
to step 805, the CPU 71 makes an affirmative determination in
step 805, and proceeds to step 820.

In step 820, the CPU 71 sets the 1gnition timing correction
amount A¢ to the 1ignition timing basic correction amount Ap0
set 1n step 515. Then, the CPU 71 proceeds to step 825. In step
825, the CPU 71 calculates a value Ae/Ae0 as the timing
control variable Ke (Ke=1 at this time point). The value
Ae/Ael 15 obtained by dividing the mechanical compression
ratio correction amount Ae calculated 1n the mechanical com-
pression ratio correction amount calculation routine 1n FIG. 7
by the mechanical compression ratio basic correction amount
A€l set 1n step 520.

In the embodiment, the timing control variable Ke 1s equal
to the pump rotational speed non-match rate RNP (Ke=Ae/
Ae0=RNPxAel/Ae() =RNP). Accordingly, as the actual pump
rotational speed NPa approaches the pump rotational speed
NP (NP=NP2 at this time point) set in step 330 or step 330, the
pump rotational speed non-match rate RNP decreases, and
therefore, the timing control variable Ke decreases.

Then, the CPU 71 proceeds to step 830. In step 830, the
CPU 71 determines whether the timing control variable Ke
calculated 1n step 825 1s equal to or below a predetermined
threshold value Keth (0.4 in the embodiment).

At this time point, the mechanical compression ratio cor-
rection amount Ae 1s equal to the mechanical compression
rat1o basic correction amount Ae0, and therefore, the timing,
control variable Ke 1s “1”. Accordingly, the CPU 71 makes a
negative determination in step 830, and proceeds directly to
step 899. In step 899, the CPU 71 {inishes the routine.

In addition, the CPU 71 executes the controlled variable
correction routine in FIG. 9, the mechanical compression
ratio control routine, and the 1gnition timing control routine.
As a result, the actual 1gnition timing i1s controlled to an
ignition timing ¢2 that 1s more retarded than the i1gnition
timing ¢1 set based on the load of the internal combustion
engine 10 by the 1gnition timing basic correction amount A¢p0
(refer to step 515 and step 820). Further, the actual mechani-
cal compression ratio 1s controlled to a mechanical compres-
s1on ratio €2 that 1s lower than the mechanical compression
ratio €l set based on the load of the internal combustion
engine 10 by the mechanical compression ratio basic correc-
tion amount Ae0 (refer to step 520 and step 720 to step 730).
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This situation 1s maintained as long as the timing control
variable Ke 1s above the threshold value Keth. In this situa-
tion, the actual pump rotational speed NPa 1s gradually
increased toward the set pump rotational speed NP (=NP2) as
time elapses. This increases the flow rate of the coolant. As a
result, the cooling efficiency 1s increased, and therefore, the
temperature of the combustion chamber wall surface 1s
decreased.

Further, the processes 1n step 720 and 730 are repeatedly
executed. Thus, as the actual pump rotational speed NPa
approaches the set pump rotational speed NP (=NP2), the
pump rotational speed non-match rate RNP decreases, and as
a result, the mechanical compression ratio correction amount
Ae 1s decreased. In other words, as the actual pump rotational
speed NPa approaches the set pump rotational speed NP
(=NP2), the mechanical compression ratio € 1s increased
toward the mechanical compression ratio €1 set based on the
load of the internal combustion engine 10.

As the actual pump rotational speed NPa 1s increased, the
cooling efficiency 1s increased. Accordingly, as the actual
pump rotational speed NPa 1s increased, the possibility of
occurrence ol knocking 1s reduced. Thus, by increasing the
mechanical compression ratio € as the actual pump rotational
speed NPa 1s increased, 1t 1s possible to increase the fuel
elficiency as much as possible, while suppressing occurrence
of knocking.

In contrast, the ignition timing correction amount A¢ 1s
maintained at the 1gnition timing basic correction amount
A¢0. That 1s, the actual 1gnition timing continues to be con-
trolled to the 1gnition timing ¢2 that 1s more retarded than the
1gnition timing ¢1 set based on the load of the internal com-
bustion engine 10 by the 1gnition timing basic correction
amount A¢0.

At this time, the mechanical compression ratio €
approaches the mechanical compression ratio €1 set based on
the load of the mternal combustion engine 10, and therefore,
the timing control variable Ke decreases.

At atime point 12, the timing control variable Ke 1s equal to
the threshold value Keth. Accordingly, when the CPU 71
starts the 1gnition timing correction amount calculation rou-
tine in FIG. 8 at the time point t2, and proceeds to step 830, the
CPU 71 makes an aflirmative determination in step 830, and
proceeds to step 835. In step 835, the CPU 71 sets the value of
the 1gnition timing correction flag X¢ to “2”.

Then, the CPU 71 proceeds to step 840. In step 840, the
CPU 71 sets an 1gnition timing maintenance period T¢ to the
value of the timer T at the current time point. That 1s, the
ignition timing maintenance period T¢ indicates a period
during which the actual 1gnition timing has been maintained
at the 1ignition timing ¢2 that 1s more retarded than the 1gnition
timing ¢1 set based on the load of the internal combustion
engine 10 by the 1ignition timing basic correction amount ApQ.
Then the CPU 71 proceeds to step 899. In step 899, the CPU
71 fimishes the routine.

Then, after the CPU 71 starts the 1gnition timing correction
amount calculation routine in FIG. 8 again when the crank-
shaft 25 1s rotated by 180 degrees, the CPU 71 makes a
negative determination in step 805, and proceeds to step 810.

Then, the CPU 71 determines that the value of the 1gnition
timing correction flag X¢ 1s “2”, that 1s, makes an affirmative
determination 1n step 810, and proceeds to step 845. In step
845, the CPU 71 calculates the 1gnition timing correction
amount A¢ according to the equation (1) described below.

AQ=(Lpx T+ Tp— TIx AGO/(Lox T) (1)

In this equation, L¢ 1s a predetermined coetficient (0.9 1n
the embodiment). The coellicient L¢ 1s set 1n advance so that
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the actual pump rotational speed NPa 1s equal to the set pump
rotational speed NP (=NP2) before a period (To+LoxT¢)
clapses after the time point t1. As shown 1in FIG. 6, the 1ignition
timing correction amount A¢ calculated according to the
equation (1) 1s decreased 1n proportion to the elapsed time.
The1gnition timing correction amount A¢ 1s changed from the
ignition timing basic correction amount A¢0 to “0” over a
period LexT¢ obtained by multiplying the 1gnition timing,
maintenance period T¢ by the coetficient L.

Then, the CPU 71 proceeds to step 850. In step 850, the
CPU 71 determines whether the value of the 1ignition timing
correction amount A¢ 1s a negative value. At this time point,
the value of the 1gnition timing correction amount A¢ 1s a
positive value. Theretfore, the CPU 71 makes a negative deter-
mination in step 850, and proceeds directly to step 899. In step
899, the CPU 71 finishes the routine.

Thus, the 1gnition timing correction amount A¢ continues
to be decreased until the 1ignition timing correction amount A¢
becomes “0”. Thus, because the ignition timing correction
amount A¢ 1s decreased as time elapses, the actual 1gnition
timing 1s gradually advanced toward the 1gnition timing ¢1 set
based on the load of the internal combustion engine 10, as
time elapses.

Then, at a time point t3, the actual pump rotational speed
NPa becomes equal to the pump rotational speed NP (=NP2)
set 1n step 330. That 1s, the pump rotational speed non-match
rate RNP becomes “0”. Accordingly, when the CPU 71 starts
the mechanical compression ratio correction amount calcu-
lation routine 1n FIG. 7 at the time point t3, and proceeds to
step 725, the CPU 71 makes a negative determination 1n step
725, and proceeds to step 735.

In step 735, the CPU 71 sets the mechanical compression
rat1o correction amount Ae to “0”. Subsequently, the CPU 71

sets the value of the mechanical compression ratio correction
flag Xe to “0” 1n step 740. Then, the CPU 71 proceeds to step

799. In step 799, the CPU 71 finishes the routine.

Then, after the CPU 71 starts the mechanical compression
rat1o correction amount calculation routine 1n FIG. 7 again
when the crankshait 25 1s rotated by 180 degrees, the CPU 71
makes a negative determination 1n step 703, and proceeds to
step 710. In step 710, the CPU 71 sets the mechanical com-
pression ratio correction amount Ae to “0””. Subsequently, the
CPU 71 fimishes the routine 1n step 799. Thus, the mechanical
compression ratio correction amount Ae continues to be set to
“0” until knocking occurs again.

At a time point t4 later than the time point {2 by the period
LoxT¢, the 1gnition timing correction amount A¢ becomes
“0”. Thus, after the CPU 71 starts the 1gnition timing correc-
tion amount calculation routine 1n FIG. 8 at the time point t4,
the CPU 71 makes an affirmative determination in step 8350,
and proceeds to step 855. In step 8355, the CPU 71 sets the
1gnition timing correction amount A¢ to “0”. Subsequently,
the CPU 71 sets the value of the 1ignition timing correction
flag X¢ to “0” 1n step 860. Then, the CPU 71 proceeds to step
899, and finishes the routine.

Then, after the CPU 71 starts the 1gnition timing correction
amount calculation routine in FIG. 8 again when the crank-
shaft 25 1s rotated by 180 degrees, the CPU 71 makes a
negative determination in step 805, and makes a negative
determination 1n step 810. Thus, the CPU 71 proceeds to step
815. In step 815, the CPU 71 sets the 1gnition timing correc-
tion amount A¢ to “0”. Subsequently, the CPU 71 finishes the
routine 1n step 899. Thus, the i1gnition timing correction
amount A¢ continues to be set to “0” until knocking occurs
again.

Thus, when 1t 1s determined that knocking occurs, the water
pump 33 1s controlled by increasing the set pump rotational
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speed NP, at the time point t1 at which 1t 1s determined that
knocking occurs (1.e., at the knocking determination time
point t1). Further, the actual mechanical compression ratio 1s
controlled to the low mechanical compression ratio that 1s
lower than the mechanical compression ratio €l set based on
the load of the internal combustion engine 10, during a period
from the knocking determination time point t1 to the time
point t3 at which the actual pump rotational speed NPa
becomes equal to the pump rotational speed NP2 that 1s
higher than the pump rotational speed NP1 set before knock-
ing occurs (1.e., during a period B and a period C 1n FIG. 6).
Thus, the pressure of the end gas 1s decreased, and therefore,
occurrence of knocking 1s suppressed. The period obtained by
combining the period B with the period C may be referred to
as “low compression ratio control period”.

Then, the actual pump rotational speed NPa 1s increased.
This increases the flow rate of the coolant discharged from the
water pump 33. Thus, the cooling efficiency 1s increased.
Accordingly, the temperature of the wall surface constituting
the combustion chamber CC (1.e., the combustion chamber
wall surface that includes, for example, the bore wall surface
and the lower surface of the cylinder head portion 30) 1s
decreased. As a result, the temperature of the end gas is
decreased. This suppresses occurrence of knocking.

During a period after the time pomt t3 (i.e., during a period
D and period E 1n FIG. 6), the actual mechanical compression
ratio 1s returned to the mechanical compression ratio €l set
based on the load of the internal combustion engine 10. Thus,
1t 1s possible to suppress occurrence of knocking, while avoid-
ing the situation where the actual mechanical compression
ratio continues to be controlled to the low mechanical com-
pression ratio that 1s lower than the mechanical compression
ratio €l set based on the load. That 1s, 1t 1s possible to suppress
occurrence of knocking, while avoiding inhibition of an
increase in the fuel efliciency.

In addition, the actual 1igmition timing 1s controlled to the
1gnition timing that 1s more retarded than the 1gnition timing
¢ set based on the load of the internal combustion engine 10
(1.e., the retarded 1gmition timing), during a period from the
knocking determination time point t1 to the time point t4 (1.¢.,
during the period B, the period C, and the period D in FIG. 6).
The period obtained by combining the period B, the period C,
and the period D together 1n FIG. 6 may be referred to as
“1gnition timing retarding control period”.

Thus, the pressure of the end gas 1s decreased, and there-
fore, occurrence of knocking 1s suppressed. As a result, 1t 1s
possible to suppress occurrence of knocking even 11 the inter-
nal combustion engine 10 1s operated when the actual
mechanical compression ratio 1s higher than the set mechani-
cal compression ratio during a period immediately after the
knocking determination time point t1, because the actual
mechanical compression ratio 1s changed after a control delay
time elapses.

More specifically, the actual 1gnition timing 1s maintained
at a constant 1ignition timing (first retarded 1gnition timing) ¢2
that 1s more retarded than the 1gnition timing ¢1 set based on
the load of the internal combustion engine 10 by the 1gnition
timing basic correction amount A¢0, during a period from the
knocking determination time point t1 to the time point {2 at
which the timing control variable Ke becomes equal to the
threshold value Keth after the timing control variable Ke 1s
decreased (1.e., during the period B 1n FIG. 6). The timing
control variable Ke 1s not decreased until a time point tla at
which the pump rotational speed non-match rate RNP starts
to decrease. Thus, the time point 12 1s later than the time point
t1a at which the actual mechanical compression ratio starts to
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be increased. The time point 2 may be referred to as “second
time point” 1n this specification.

Thus, 1t 1s possible to suppress occurrence of knocking
even when the actual mechanical compression ratio quickly
approaches the mechanical compression ratio €l set based on
the load of the mternal combustion engine 10. That 1s, 1t 1s
possible to more quickly make the actual mechanical com-
pression ratio approach the mechanical compression ratio €l
set based on the load of the internal combustion engine 10,
while suppressing occurrence of knocking. This increases the
tuel efliciency.

Then, the actual 1ignition timing 1s gradually advanced from
the 1gnition timing ¢2 toward the 1gnition timing ¢1 during a
period after the time point 12 (i.e., during the period C and the
pertod D 1n FIG. 6). That 1s, during the period obtained by
combining the period C with the period D, the actual 1ignition
timing 1s controlled to a second retarded 1gnition timing that
1s more advanced than the first retarded 1gnition timing ¢2.
Thus, the fuel efficiency 1s increased, as compared to the case
where the actual 1gnition timing 1s controlled to the first
retarded 1gnition timing ¢2 during this period as well.

Also, because the threshold value Keth 1s set to a suffi-
ciently low value, and the coetlicient L¢ 1s set to a suificiently
high value, a period from the time point t2 to the time point at
which the actual pump rotational speed NPa becomes equal to
the set pump rotational speed NP2 (i.e., the length of the
period C 1in FIG. 6) 1s shorter than the period LexT¢ (1.€., the
length of the period obtained by combining the period C with
the period D 1n FIG. 6). Accordingly, after the low compres-
s10n ratio control period ends, the 1gnition timing retarding
control period ends.

That 1s, during the period in which the actual mechanical
compression ratio 1s controlled to the low mechanical com-
pression ratio, the actual ignition timing 1s controlled to the
retarded 1gmition timing. This reduces the possibility of
occurrence of knocking. Accordingly, 1t 1s possible to avoid
occurrence of knocking even when the actual mechanical
compression ratio quickly approaches the mechanical com-
pression ratio €l set based on the load of the internal com-
bustion engine 10. That 1s, 1t 1s possible to quickly make the
actual mechanical compression ratio approach the mechani-
cal compression ratio €l set based on the load of the internal
combustion engine 10, while suppressing occurrence of
knocking. This increases the fuel efliciency.

As described above, with the control apparatus for the
internal combustion engine according to the first embodiment
of the invention, it 1s possible to suppress occurrence of
knocking, while avoiding inhibition of an increase 1n the fuel
elficiency.

Next, a control apparatus for an internal combustion engine
according to a modified example of the first embodiment of
the invention will be described. The control apparatus accord-
ing to the modified example differs from the control apparatus
according to the first embodiment, only 1n that when knock-
ing occurs, the control apparatus according to the modified
example executes a control so that the cooling efficiency for at
least one cylinder 1n which knocking occurs 1s higher than the
cooling efficiency for at least one cylinder in which knocking
does not occur. Thus, hereinafter, the control apparatus
according to the modified example will be described with a
focus on the difference.

As shown in FIG. 10A and FIG. 10B, the internal combus-
tion engine 10 according to the modified example includes a
branch tlow rate regulating valve 101 that constitutes a part of
the cooling device. The branch flow rate regulating valve 101
1s disposed at a position close to, and downstream of the
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position at which the branch pipe 52 1s connected to the
circulation pipe 51 1n the direction in which the coolant flows
toward the cylinder block 21.

As shown 1n FIG. 11A and FIG. 11B, the branch flow rate
regulating valve 101 includes a valve element 1014, a spring

1015, and a solenoid coil 101¢. The valve element 101a 1s
movable 1n a predetermined drive direction (that includes a
direction shown by the arrow DW 1n FIG. 11A (a valve-
closing direction 1n which the valve element 101a 1s moved to
close the branch tlow rate regulating valve 101), and a direc-
tion shown by the arrow UW 1n FIG. 11B (a valve-opening
direction in which the valve element 101a 1s moved to open
the branch flow rate regulating valve 101)). As the valve
clement 101aq moves in the valve-closing direction, the cross
sectional area of the circulation pipe 51 at the position where
the branch flow rate regulating valve 101 1s disposed 1s
decreased.

The spring 1015 applies a predetermined pressing force to
the valve element 101a 1n the valve-opening direction UW.
The solenoid coil 101¢ generates power (driving power) that
moves the valve element 101¢q 1n the valve-closing direction
DW, and that varies depending on the amount of electric
power supplied to the solenoid coil 101c.

With the configuration, by changing the amount of electric
power supplied to the solenoid coil 101¢, the position of the
valve element 101q 1n the drive direction 1s changed. That 1s,
as the amount of electric power supplied to the solenoid coil
101c 1s increased, the tflow rate of the coolant flowing toward
the opening portion 21¢2 1s increased, and the flow rate of the
coolant flowing toward the opening portion 21cl 1s
decreased.

The relation between the position of the valve element
101a and the cooling efficiency will be described. Hereinai-
ter, for the sake of convenience, the cylinders will be referred
to as a first cylinder #1, a second cylinder #2, a third cylinder
#3, and a fourth cylinder #4 in a direction from the opening
portion 21c¢1 to the opening portion 21c2.

First, the case where the valve element 1014 1s located at a
position reached after the valve element 101a 1s moved from
an mntermediate position 1n the movable range 1n the valve-
opening direction UW will be described. In this case, as
shown 1n FIG. 11 A, the cross sectional area of the circulation
pipe 51 at the position where the branch flow rate regulating
valve 101 1s disposed 1s relatively large. Accordingly, as
shown in FI1G. 10 A, the flow rate of the coolant supplied to the
cylinder block 21 through the opening portion 21¢1 1s higher
than the tlow rate of the coolant supplied to the cylinder block
21 through the branch pipe 52 and the opening portion 21c2.
Note that the width of the outline arrow increases, the flow
rate of the coolant increases 1n FIG. 10A and FIG. 10B.

Thus, the flow rate of the coolant flowing around the first
cylinder #1 and the second cylinder #2 1s higher than the flow
rate of the coolant flowing around the third cylinder #3 and the
fourth cylinder #4. Therefore, the cooling efficiency for the
first cylinder #1 and the second cylinder #2 1s higher than the
cooling efficiency for the third cylinder #3 and the fourth
cylinder #4.

Next, the case where the valve element 1014« 1s located at a
position reached after the valve element 101¢a 1s moved from
the intermediate position 1n the movable range 1n the valve-
closing direction DW will be described. In this case, as shown
in FIG. 11B, the cross sectional area of the circulation pipe 51
at the position where the branch flow rate regulating valve 101
1s disposed 1s relatively small. Accordingly, as shown in FIG.
10B, the flow rate of the coolant supplied to the cylinder block
21 through the opening portion 21c¢1 1s lower than the tlow
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rate of the coolant supplied to the cylinder block 21 through
the branch pipe 52 and the opening portion 21c¢2.

Thus, the flow rate of the coolant flowing around the first
cylinder #1 and the second cylinder #2 1s lower than the flow
rate of the coolant flowing around the third cylinder #3 and the
tourth cylinder #4. Therefore, the cooling efliciency for the
first cylinder #1 and the second cylinder #2 1s lower than the
cooling efficiency for the third cylinder #3 and the fourth
cylinder #4.

Thus, by changing the amount of electric power supplied to
the solenoid coil 101c¢, the cooling efliciency for the first
cylinder #1 and the second cylinder #2, and the cooling effi-
ciency for the third cylinder #3 and the fourth cylinder #4 are
adjusted.

Further, the CPU 71 executes a knocking determination
routine in which step 1205 to step 1220 shown by a flowchart
in FIG. 12 are added between step 350 and step 599 1n the
knocking determination routine i FIG. 5§ according to the
first embodiment, 1nstead of executing the knocking determi-
nation routine in FIG. 5. Executing step 1205 to step 1220
may be regarded as performing a part of the function of the
knocking suppression device.

First, the case where knocking occurs 1n the first cylinder
#1 will be described. In this cage, when the CPU 71 starts the
knocking determination routine, and proceeds to step 510, the
CPU 71 makes an affirmative determination in step 310, and
proceeds to step 515 and subsequent steps. In step 515 and
subsequent steps, the CPU 71 sets the 1gnition timing basic
correction amount A¢, the mechanical compression ratio
basic correction amount Ae(, and the pump rotational speed
correction amount ANP, and corrects the set pump rotational
speed NP.

Then, the CPU 71 proceeds to step 1205. In step 1205, the
CPU 71 1dentifies a cylinder in which the expansion stroke
ends at the current time point, as a knocking occurrence
cylinder 1n which knocking occurs (the first cylinder #1 1n this
case), based on the rotational angle of the crankshaft 235 at the
current time point. That 1s, the knocking occurrence cylinder

1s a cylinder 1n which the knocking determination condition 1s
satisfied.

Then, the CPU 71 proceeds to step 1210. In step 1210, the
CPU 71 determines whether the knocking occurrence cylin-
der 1s one of the first cylinder #1 and the second cylinder #2.
In this situation, the CPU 71 has 1identified the first cylinder #1
as the knocking occurrence cylinder. Therefore, the CPU 71
makes an affirmative determination in step 1210, and pro-
ceeds to step 1215.

In step 12135, the CPU 71 executes a control (an opening
degree increase control) that increases the opening degree of
the branch flow rate regulating valve 101. That 1s, the CPU 71
transmits the instruction signal to the branch flow rate regu-
lating valve 101 to decrease the amount of electric power
supplied to the solenoid co1l 101¢. Then, the CPU 71 proceeds
to step 599. In step 599, the CPU 71 finishes the routine.

Thus, the dnving power generated by the solenoid coil
101c 1s decreased. Therefore, the valve element 101a of the
branch flow rate regulating valve 101 1s moved 1n the valve-
opening direction UW. As a result, the cross sectional area of
the circulation pipe 51 at the position where the branch flow
rate regulating valve 101 1s disposed 1s increased. Accord-
ingly, the tlow rate of the coolant supplied to the cylinder
block 21 through the opening portion 21c¢1 is increased. In
contrast, the flow rate of the coolant supplied to the cylinder
block 21 through the branch pipe 52 and the opening portion
212 15 decreased.

Further, as described above, as the actual pump rotational
speed NPa 1s increased, the total flow rate of the coolant
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supplied to the cylinder block 21 1s increased. Accordingly,
the tlow rate of the coolant flowing around the first cylinder #1
and the second cylinder #2 1s increased by a value larger than
a value by which the flow rate of the coolant flowing around
the third cylinder #3 and the fourth cylinder #4 1s increased, as
compared to a time point before knocking occurs. As a result,
the cooling etliciency for the first cylinder #1 and the second
cylinder #2 1s higher than the cooling efficiency for the third
cylinder #3 and the fourth cylinder #4.

Thus, 1t 1s possible to more reliably suppress occurrence of
knocking in the first cylinder #1 and the second cylinder #2.
That 1s, 1t 15 possible to reduce the possibility of reoccurrence
of knocking in the first cylinder #1 1n which knocking has
occurred. In the case where knocking occurs 1n the second
cylinder #2 as well, the above-described control 1s executed.

Next, the case where knocking occurs 1n the fourth cylinder
#4 will be described. In this case, after the CPU 71 starts the

knocking determination routine, the CPU 71 makes a nega-
tive determination 1n step 1210, and proceeds to step 1220.
The CPU 71 executes a control (opening degree decrease
control) that decreases the opening degree of the branch flow
rate regulating valve 101. That 1s, the CPU 71 transmits the
instruction signal to the branch flow rate regulating valve 101

to increase the amount of electric power supplied to the sole-
noid coil 101¢. Then, the CPU 71 proceeds to step 599. In step

599, the CPU 71 finishes the routine.

Thus, the drniving power generated by the solenoid coil
101c¢ 1s increased, and therefore, the valve element 101a of
the branch flow rate regulating valve 101 1s moved in the
valve-closing direction DW. As a result, the cross sectional
area of the circulation pipe 51 at the position where the branch
flow rate regulating valve 101 1s disposed 1s decreased.
Accordingly, the tflow rate of the coolant supplied to the
cylinder block 21 through the opening portion 21c1 1is
decreased. In contrast, the flow rate of the coolant supplied to
the cylinder block 21 through the branch pipe 352 and the
opening portion 21¢2 1s increased.

Further, as described above, as the actual pump rotational
speed NPa 1s increased, the total flow rate of the coolant
supplied to the cylinder block 21 1s increased. Accordingly,
the flow rate of the coolant flowing around the third cylinder
#3 and the fourth cylinder #4 1s increased by a value larger
than a value by which the flow rate of the coolant flowing
around the first cylinder #1 and the second cylinder #2 1is
increased, as compared to a time point before knocking
occurs. As aresult, the cooling efficiency for the third cylinder
#3 and the fourth cylinder #4 1s higher than the cooling
elficiency for the first cylinder 41 and the second cylinder #2.

Thus, 1t 1s possible to more reliably suppress occurrence of
knocking in the third cylinder #3 and the fourth cylinder #4.
That 1s, 1t 1s possible to reduce the possibility of reoccurrence
of knocking in the fourth cylinder #4 in which knocking has
occurred. In the case where knocking occurs in the third
cylinder #3 as well, the above-described control 1s executed.

As described above, with the control apparatus for the
internal combustion engine according to the modified
example of the first embodiment of the invention, when
knocking occurs 1n at least one cylinder among the cylinders,
the cooling efficiency for the at least one cylinder 1n which
knocking occurs 1s made higher than the cooling efficiency
for at least one cylinder 1n which knocking does not occurs.
Thus, 1t 1s possible to reduce the possibility of reoccurrence of
knocking 1n the cylinder in which knocking has occurred. In
other words, because the possibility of occurrence of knock-
ing in each cylinder 1s made substantially the same, it 1s
possible to avoid the situation where the mechanical com-
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pression ratio of the entire engine cannot be increased due to
at least one cylinder 1n which knocking 1s likely to occur.

Next, a control apparatus for an internal combustion engine
according to a second embodiment of the invention will be
described. The control apparatus according to the {irst
embodiment controls the actual mechanical compression
ratio to the mechanical compression ratio ¢ corresponding to
the actual pump rotational speed NPa, in the low compression
ratio control period. The control apparatus according to the
second embodiment differs from the control apparatus
according to the first embodiment, only 1n that the control
apparatus according to the second embodiment maintains the
actual mechanical compression ratio at a constant value dur-
ing a period until the actual pump rotational speed NPa
becomes equal to a predetermined threshold rotational speed,
and the actual mechanical compression ratio 1s gradually
increased as time elapses after the period elapses, in the low
mechanical compression ratio control period.

The control apparatus according to the second embodiment
executes a mechanical compression ratio correction amount
calculation routine 1n FI1G. 13 instead of the mechanical com-
pression ratio correction amount calculation routine 1n FIG. 7
according to the first embodiment. FIG. 14 shows the case
where knocking occurs for some reason at a time point tl.
First, processes executed during a period A before the time
point t1 1n this case will be described.

When the CPU 71 starts the mechanical compression ratio
correction amount calculation routine in FIG. 13 at this time
point, the CPU 71 proceeds to step 1303. In step 1305, the
CPU 71 determines whether the value of the mechanical
compression ratio correction flag Xe 1s “17.

In this situation, knocking does not occur, and therefore,
the value of the mechanical compression ratio correction flag
Xe remains “0”. Accordingly, the CPU 71 makes a negative
determination in step 1303, and proceeds to step 1310. In step
1310, the CPU 71 determines whether the value of the
mechanical compression ratio correction tlag Xe 1s “2”. Then,
the CPU 71 makes a negative determination in step 1310, and
proceeds to step 1315. In step 1315, the CPU 71 sets the
mechanical compression ratio correction amount Ae to “07.
Then, the CPU 71 proceeds to step 1399. In step 1399, the
CPU 71 finishes the routine.

Thus, as described above, the actual mechanical compres-
s10n rat1o 1s controlled to the mechanical compression ratio e
(=el) set based on the load of the internal combustion engine
10, at this time point.

Then, at the time point t1, knocking occurs, and therefore,
the knocking strength SN becomes higher than the threshold
strength SNth. Accordingly, when the CPU 71 executes the
knocking determination routine 1n FIG. 5 at this time point,
the 1gnition timing basic correction amount A0, the
mechanical compression ratio basic correction amount Ae0,
and the pump rotational speed correction amount ANP are set
as 1n the first embodiment (step 515 to step 525). Further, the
set pump rotational speed NP 1s corrected, and the table
MapNP 1s updated (step 530 and step 335). In addition, the
value of the 1gnition timing correction flag X¢ 1s set to “17,
and the value of the mechanical compression ratio correction
flag Xe1s set “1” (step 540 and step 545). Further, the value of
the timer T 1s set to “0” (step 550).

When the CPU 71 starts the mechanical compression ratio
correction amount calculation routine 1n HG. 13 at this time
point, and proceeds to step 13035, the CPU 71 makes an
allirmative determination 1n step 1305, and proceeds to step
1320. In step 1320, the CPU 71 sets the mechanical compres-
s10n ratio correction amount Ae to the mechanical compres-
s10n ratio basic correction amount Ae0 set in step 520.
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Then, the CPU 71 proceeds to step 1323. In step 13235, the
CPU 71 reads the actual pump rotational speed NPa detected
by the pump rotational speed sensor 65. Then, the CPU 71
proceeds to step 1330. In step 1330, the CPU 71 calculates the
value (NP-NPa)/ANP as the pump rotational speed non-
match rate RNP. The value (NP-NPa)/ANP 1s obtained by
dividing the value NP-NPa, which is obtained by subtracting
the actual pump rotational speed NPa read 1n step 1323 from
the set pump rotational speed NP (NP=NP?2 at this time point)
set 1 step 330, by the pump rotational speed correction
amount ANP set 1n step 525.

Then, the CPU 71 proceeds to step 1335. In step 1335, the
CPU 71 determines whether the pump rotational speed non-
match rate RNP calculated in step 1330 1s below a predeter-
mined threshold rate RNPth (0.4 1n the embodiment). In the
embodiment, until the pump rotational speed non-match rate
RNP becomes equal to the threshold rate RNPth, the
mechanical compression ratio correction amount Ae 1s main-
tained at the mechanical compression ratio basic correction
amount Ae0, and therefore, the timing control variable Ke
(=Ae/Ae0) 15 also maintained at “1””. That 1s, the timing con-
trol variable Ke becomes equal to the threshold value Keth at
a timing later than a timing at which the pump rotational
speed non-match rate RNP becomes equal to the threshold
rate RNPth.

At the time point t1, the value NP-NPa 1s equal to the pump
rotational speed correction amount ANP, and therefore, the
pump rotational speed non-match rate RNP 1s “1”. Accord-
ingly, the CPU 71 makes a negative determination 1n step
1335, and proceeds directly to step 1399. In step 1399, the
CPU 71 finishes the routine.

Thus, at the time point t1, the actual mechanical compres-
s10n ratio 1s controlled to the mechanical compression ratio €
(=€2) that 1s lower than the mechanical compression ratio €
(=€l) set based on the load of the internal combustion engine
10 by the mechanical compression ratio basic correction
amount Ae( set 1n step 520.

This situation 1s maintained as long as the pump rotational
speed non-match rate RNP 1s above the threshold rate RNPth.
In this situation, the actual pump rotational speed NPa 1is
gradually increased toward the set pump rotational speed NP
(=NP2) as time elapses. That 1s, the pump rotational speed
non-match rate RNP gradually decreases. Thus, the flow rate
of the coolant 1s increased. As a result, the cooling efficiency
1s increased, and therefore, the temperature of the combustion
chamber wall surface 1s decreased.

In contrast, the 1gnition timing correction amount A¢ 1s
maintained at the ignition timing basic correction amount
AP0 as 1n the first embodiment. That 1s, the actual 1gnition
timing continues to be controlled to the 1ignition timing ¢2 that
1s more retarded than the 1ignition timing ¢1 set based on the
load of the internal combustion engine 10 by the 1gnition
timing basic correction amount A¢Q.

Then, at a time point t2, the pump rotational speed non-
match rate RNP becomes equal to the threshold rate RNPth.
In other words, at the time point {2, the actual pump rotational
speed NPa becomes equal to the threshold rotational speed
NP-RNPthxANP. Thus, when the CPU 71 starts the mechani-
cal compression ratio correction amount calculation routine
in FI1G. 13 at the time point {2, and proceeds to step 1335, the
CPU 71 makes an affirmative determination 1n step 1335, and
proceeds to step 1340. In step 1340, the CPU 71 sets the value
of the mechanical compression ratio correction tlag Xe to “2”.
Then, the CPU 71 proceeds to step 1345. In step 1345, the
CPU 71 sets a mechanical compression ratio maintenance
period Te to the value of the timer T at the current time point.
That 1s, the mechanical compression ratio maintenance




US 8,646,419 B2

29

period Te 1s a period during which the actual compression
rat1o 1s maintained at the mechanical compression ratio €2

that 1s lower than the mechanical compression ratio €l set

based on the load of the internal combustion engine 10 by the
mechanical compression ratio basic correction amount Ae0.

Then, the CPU 71 proceeds to step 1399. In step 1399, the
CPU 71 finishes the routine.

Then, after the CPU 71 starts the mechanical compression
rat1o correction amount calculation routine in FIG. 13 when

the crankshait 25 1s rotated by 180 degrees, the CPU 71 makes
a negative determination 1n step 13035, and proceeds to step
1310.

In step 1310, the CPU 71 determines that the value of the
mechanical compression ratio correction flag Xe 1s “2”, that
1s, makes an affirmative determination in step 1310, and pro-
ceeds to step 1350. In step 1350, the CPU 71 calculates the
mechanical compression ratio correction amount Ae accord-
ing to the equation (2) described below.

Ae=(LexTe+Te-T)xAe0/(LexTe) (2)

In this equation, Le 1s a predetermined coellicient (0.8 in
the embodiment). As shown in FIG. 14, the mechanical com-
pression ratio correction amount Ae calculated according to
the equation (2) 1s decreased in proportion to the elapsed time.
The mechanical compression ratio correction amount Ae 1s
changed from Ae0 to “0” over the period LexTe obtained by
multiplying the mechanical compression ratio maintenance
period Te by the coellicient Le.

Then, the CPU 71 proceeds to step 1355. In step 1355, the
CPU 71 determines whether the value of the mechanical
compression ratio correction amount Ae 1s a negative value.
At this time point, the value of the mechanical compression
rat1o correction amount Ae 1s a positive value. Therefore, the
CPU 71 makes a negative determination 1n step 1355, and
proceeds directly to step 1399. In step 1399, the CPU 71
finishes the routine.

Thus, the mechanical compression ratio correction amount
Ae continues to be decreased until the mechanical compres-
sion ratio correction amount Ae becomes “0”, Thus, because
the mechanical compression ratio correction amount Ae 1s
decreased as time elapses, the actual mechanical compression
rat1o 1s gradually increased toward the mechanical compres-
s10on ratio €l set based on the load of the internal combustion
engine 10, as time elapses.

Then, at a time point t3, the timing control variable Ke
becomes equal to the threshold value Keth. Accordingly,
when the CPU 71 starts the ignition timing correction amount
calculation routine 1n FIG. 8 at the time point t3, the value of
the 1gnition timing correction flag X¢ 1s set to “2” (step 833).
Further, the ignition timing maintenance period T¢ 1s set to
the value of the timer T at the current time point (step 840).

Then, the CPU 71 executes the 1gnition timing correction
amount calculation routine in FIG. 8 again when the crank-
shaft 25 1s rotated by 180 degrees. Thus, the 1gnition timing
correction amount A¢ 1s calculated according to the above-
described equation (1) (step 845). As described above, the
1gnition timing correction amount A¢ calculated according to
the equation (1) 1s decreased in proportion to the elapsed time.
The 1gnition timing correction amount A¢ 1s changed from
A0 to “0” over the period LexT¢ obtained by multiplying the
ignition timing maintenance period T¢ by the coellicient L.
In the embodiment, the coellicient L¢ 1s set so that the period
LoxT¢ 1s equal to the period LexTe.

This situation 1s maintained until the 1gnition timing cor-
rection amount A¢ becomes “0”. Thus, because the 1gnition
timing correction amount A¢ 1s decreased as time elapses, the
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actual 1gnition timing 1s gradually advanced toward the 1gni-
tion timing ¢p1 set based on the load of the internal combustion
engine 10, as time elapses.

Then, at a time point t3a, the actual pump rotational speed
NPa becomes equal to the pump rotational speed NP (=NP2)
set 1n step 330.

At a time point t4 later than the time point 12 by the period
LexTe, the mechanical compression ratio correction amount
Ae becomes “0”. Thus, after the CPU 71 starts the mechanical
compression ratio correction amount calculation routine 1n
FIG. 13 at the time point t4, the CPU 71 makes an affirmative
determination in step 1355, and proceeds to step 1360. In step
1360, the CPU 71 sets the mechanical compression ratio
correction amount Ae to “0”. Subsequently, the CPU 71 sets
the value of the mechanical compression ratio correction flag
Xe to “0”. Then, the CPU 71 proceeds to step 1399, and
finishes the routine.

Then, after the CPU 71 starts the mechanical compression
ratio correction amount calculation routine 1n FIG. 13 again
when the crankshait 25 1s rotated by 180 degrees, the CPU 71
makes a negative determination in step 13035, and makes a
negative determination 1n step 1310. Thus, the CPU 71 pro-
ceeds to step 1315. In step 1315, the CPU 71 sets the mechani-
cal compression ratio correction amount Ae to “0”. Subse-
quently, the CPU 71 finishes the routine 1n step 1399. Thus,
the mechanical compression ratio correction amount Ae con-
tinues to be set to “0” until knocking occurs again.

Then, at a time point t5 later than the time point t3 by the
period LoxT¢, the 1gnition timing correction amount Ag¢
becomes “0”. Thus, when the CPU 71 starts the ignition
timing correction amount calculation routine in FIG. 8 at the
time point tS, the 1gnition timing correction amount A¢ 1s set
to “0”. In addition, the value of the 1gnition timing correction
flag X¢ 1s set to “0” (step 855 and step 860).

Then, when the CPU 71 starts the 1gnition timing correc-
tion amount calculation routine 1 FIG. 8 again when the
crankshaft 25 is rotated by 180 degrees, the timing correction
amount A¢ 1s set to “0” (step 815). Thus, the 1gnition timing
correction amount A continues to be set to “0” until knock-
Ing occurs again.

Thus, when it 1s determined that knocking occurs (that 1s,
the knocking determination condition 1s satisfied), the water
pump 353 1s controlled by increasing the set pump rotational
speed NP, at the knocking determination time point t1. Fur-
ther, the actual mechanical compression ratio 1s controlled to
the low mechanical compression ratio that 1s lower than the
mechanical compression ratio €l set based on the load of the
internal combustion engine 10, during a period from the
knocking determination time point t1 to the time point t4 (1.¢.,
during a period B, a period C, and a period D 1n FIG. 14).
Thus, the pressure of the end gas 1s decreased, and therefore,
occurrence of knocking 1s suppressed. The period obtained by
combining the period B, the period C, and the period D
together may be referred to as “low compression ratio control
period”.

During a period from when the water pump 53 starts to be
controlled by increasing the set pump rotational speed NP
until when a predetermined delay time elapses, the tempera-
ture of the combustion chamber wall surface 1s substantially
constant. Accordingly, the actual mechanical compression
ratio 1s maintained at the constant low mechanical compres-
s1on ratio (first low mechanical compression ratio) €2 that 1s
lower than the mechanical compression ratio €l set based on
the load of the internal combustion engine 10 by the mechani-
cal compression ratio basic correction amount Ae0, during a
period from the knocking determination time point t1 to the
time point t2 at which the pump rotational speed non-match
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rate RNP becomes equal to the threshold rate RNPth after the
pump rotational speed non-match rate RNP decreases (1.¢.,
during the period B). As aresult, 1t 1s possible to more reliably
suppress occurrence of knocking. The period B in FIG. 14
may be referred to as “first period”.

The actual pump rotational speed NPa 1s gradually
increased as time elapses. Accordingly, the cooling efficiency
1s gradually increased, and therefore, the temperature of the
combustion chamber wall surface 1s gradually decreased.
This reduces the possibility of occurrence of knocking.

Accordingly, the actual mechanical compression ratio 1s
controlled to a second low mechanical compression ratio that
1s higher than the first low mechanical compression ratio €2
during a period after the time point t2 (1.e., during the period
C and the period D 1 FIG. 14). Thus, as compared to the case
where the actual mechanical compression ratio 1s controlled
to the first low mechanical compression ratio €2 over the
entire low compression ratio control period, 1t 1s possible to
increase the fuel efliciency, while suppressing occurrence of
knocking. Further, the second low mechanical compression
ratio 1s gradually increased toward the mechanical compres-
s1on ratio €l set based on the load of the internal combustion
engine 10, as time elapses. Thus, as compared to the case
where the second low mechanical compression ratio 1s main-
tained at a constant value, 1t 1s possible to increase the fuel
elficiency as much as possible, while more reliably suppress-
ing occurrence of knocking. The period obtained by combin-
ing the period C with the period D may be referred to as
“second period”.

Then, at a time point t3a, the actual pump rotational speed
NPa becomes equal to the pump rotational speed NP2 that 1s
higher than the pump rotational speed NP1 set before knock-
ing occurs. Then, at the time point t4, the temperature of the
combustion chamber wall surface has been suificiently
decreased, and therefore, the possibility of occurrence of
knocking has been sufficiently reduced.

Accordingly, the actual mechanical compression ratio 1s
returned to the mechanical compression ratio €l set based on
the load of the internal combustion engine 10 during a period
after the time point t4 (1.e., during the period E and the period
F 1n FIG. 14). Thus, 1t 1s possible to suppress occurrence of
knocking, while avoiding the situation where the actual
mechanical compression ratio continues to be controlled to
the low mechanical compression ratio that 1s lower than the
mechanical compression ratio €l set based on the load of the
internal combustion engine 10. That 1s, it 1s possible to sup-
press occurrence of knocking, while avoiding inhibition of an
increase in the fuel efliciency.

Also, as described above, the mechanical compression
ratio starts to be increased at the time point t2 at which the
pump rotational speed non-match rate RNP becomes equal to
the threshold rate RNPth after the pump rotational speed
non-match rate RNP decreases. Thus, the mechanical com-
pression ratio 1s icreased after the cooling efficiency 1s sul-
ficiently increased. Therefore, it 1s possible to increase the
tuel efficiency, while more reliably suppressing occurrence of
knocking. At the time point t2, the actual pump rotational
speed NPa (1.e., the rotational speed of the rotor 535) becomes
equal to the threshold rotational speed (i.e., NP-RNPthx
ANP) corresponding to the threshold rate RNPth. Further, the
time point 2 may be referred to as “first time point” in the
specification.

In addition, the actual 1gnition timing 1s controlled to the
ignition timing that 1s more retarded than the 1gnition timing
¢1 set based on the load of the internal combustion engine 10
(1.e., the retarded 1gnition timing), during a period from the
knocking determination time point t1 to the time point t5 (1.e.,
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during the period B, the period C, the period D, and the period
E1n FIG. 14). The period obtained by combining the period B,
the period C, the period D, and the period E together may be
referred to as “1gnition timing retarding control period”.

Thus, the pressure of the end gas 1s decreased, and there-
fore, occurrence of knocking 1s suppressed. As a result, 1t 1s
possible to suppress occurrence of knocking even 11 the inter-
nal combustion engine 10 1s operated when the actual
mechanical compression ratio 1s higher than the set mechani-
cal compression ratio during a period immediately after the
knocking determination time point t1, because the actual
mechanical compression ratio 1s changed after a control delay
time elapses.

Further, the actual 1gnition timing 1s maintained at a con-
stant 1ignition timing (first retarded 1gnition timing) ¢2 that 1s
more retarded than the 1gnition timing ¢1 set based on the load
of the internal combustion engine 10 by the 1gnition timing
basic correction amount A¢p0, during a period from the knock-
ing determination time point t1 to the time point t3 at which
the timing control variable Ke becomes equal to the threshold
value Keth after the timing control variable Ke decreases (1.¢.,
during the period B and the period C 1n FIG. 14). The time
point t3 1s later than the time point t2 at which the actual
mechanical compression ratio starts to be increased. The time
point t2 may be referred to as “second time point” 1n this
specification.

Thus, 1t 1s possible to suppress occurrence of knocking
even when the actual mechanical compression ratio quickly
approaches the mechanical compression ratio €1 set based on
the load of the mternal combustion engine 10. That 1s, 1t 18
possible to more quickly make the actual mechanical com-
pression ratio approach the mechanical compression ratio €l
set based on the load of the internal combustion engine 10,
while suppressing occurrence of knocking. This increases the
fuel efficiency.

Then, the actual 1ignition timing 1s gradually advanced from
the 1gnition timing ¢2 toward the 1gnition timing ¢1 during a
period after the time point t3 (1.e., during the period D and the
period E 1n FIG. 14). That 1s, during the period obtained by
combining the period D with the period E, the actual 1gnition
timing 1s controlled to a second retarded 1gnition timing that
1s more advanced than the first retarded 1gnition timing ¢2.
Thus, the fuel efficiency 1s increased, as compared to the case
where the 1gnmition timing 1s controlled to the first retarded
1gnition timing ¢2 during this period as well.

As described above, the coelficient L¢ 1s set so that the
period LexT¢ 1s equal to the period LexTe. Thus, the ignition
timing retarding control ends after the low compression ratio
control period ends.

That 1s, during the period 1n which the actual mechanical
compression ratio 1s controlled to the low mechanical com-
pression ratio, the actual ignition timing 1s controlled to the
retarded 1gmition timing. This reduces the possibility of
occurrence of knocking. Accordingly, 1t 1s possible to avoid
occurrence of knocking even when the actual mechanical
compression ratio quickly approaches the mechanical com-
pression ratio €l set based on the load of the internal com-
bustion engine 10. That 1s, 1t 1s possible to more quickly make
the actual mechanical compression ratio approach the
mechanical compression ratio €l set based on the load of the
internal combustion engine 10, while suppressing occurrence
of knocking. This increases the fuel efficiency.

As described above, with the control apparatus for the
internal combustion engine according to the second embodi-
ment of the ivention, 1t 1s possible to suppress occurrence of
knocking, while avoiding inhibition of an 1increase 1n the fuel
elficiency.
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In the second embodiment, the cooling efficiency 1s
adjusted by changing the flow rate of the coolant supplied to
the area near the combustion chamber CC. However, the

cooling efficiency may be adjusted by changing the tempera-
ture of the coolant.

In this case, the opening degree of the bypass flow rate
regulating valve 55a 1s changed according to the instruction
signal from the CPU 71. For example, 1n the bypass flow rate
regulating valve 55a, a heating element that is heatable may
be provided 1n a detecting portion that detects the temperature
of the coolant. The bypass tlow rate regulating valve 55a may
be a valve driven by an actuator, instead of a thermostat valve.

Further, in this case, when the CPU 71 determines that
knocking occurs, the CPU 71 transmuits the istruction signal
to the bypass flow rate regulating valve 55a to decrease the
opening degree of the bypass tlow rate regulating valve 55a.
Thus, the flow rate of the coolant flowing into the radiator 54
1s increased, and therefore, the temperature of the coolant 1s
decreased. As a result, the cooling efficiency 1s increased, and
therefore, occurrence of knocking 1s suppressed.

In addition, in this case, the first time point (i.e., the time
point at which the mechanical compression ratio 1s changed
trom the first low mechanical compression ratio to the second
low mechanical compression ratio that 1s higher than the first
low mechanical compression ratio, in the low compression
ratio control period) may be set to a time point at which the
coolant temperature becomes equal to a predetermined
threshold temperature. Also, the first time point may be set to
a time point later than the knocking determination time point
by a predetermined period.

In the second embodiment, when knocking occurs 1n at
least one cylinder, the cooling efficiency for the at least one
cylinder 1n which knocking occurs may be made higher than
the cooling efficiency for the cooling efliciency for at least
one cylinder 1n which knocking does not occur, as in the
modified example of the first embodiment.

The invention 1s not limited to the above-described
embodiments. Various modified examples may be employed
in the scope of the mmvention. For example, in each of the
embodiments, the vibration V¢ of the cylinder block portion
20 detected by the knock sensor 62 1s employed as the index
value relating to occurrence of knocking. However, the pres-
sure of gas 1n the combustion chamber CC (cylinder pressure)
may be employed as the index value. In this case, 1n each of
he above-described embodiments, a cylinder pressure sensor
nat detects the cylinder pressure may be provided, and when
e rate of time-dependent change in the cylinder pressure
etected by the cylinder pressure sensor 1s equal to or above a
hreshold rate, 1t may be determined that knocking occur.

In each of the above-described embodiments, the condition
that knocking occurs 1s employed as the knocking determi-
nation condition. However, a condition that there 1s a possi-
bility that knocking will occur may be employed as the
knocking determination condition.

In this case, 1n each of the above-described embodiments,
the coolant temperature Tw detected by the coolant tempera-
ture sensor 61 may be employed as the index value. In addi-
tion, when the detected coolant temperature Tw 1s equal to or
above a predetermined threshold temperature, it may be
determined that there 1s a possibility that knocking will occur.

Also, 1n each of the above-described embodiments, an
intake air temperature sensor that detects the temperature of
air introduced into the combustion chamber CC (1.e., intake
air temperature) may be provided, and the intake air tempera-
ture detected by the intake air temperature sensor may be
employed as the index value. When the detected intake air
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temperature 1s equal to or above a predetermined threshold
temperature, 1t may be determined that there 1s a possibility
that knocking will occur.

In each of the above-described embodiments, a cylinder
pressure sensor that detects a cylinder pressure may be pro-
vided; the cylinder pressure detected by the cylinder pressure
sensor may be employed as the index value; and it may be
determined that knocking occurs when the detected cylinder
pressure 1s equal to or higher than a predetermined threshold
pressure.

In each of the above-described embodiments, two or more
of the coolant temperature Tw, the intake temperature, the
cylinder pressure, and the vibration V¢ of the cylinder block
portion 20 may be employed as the index values. Further, in
each of the above-described embodiments, both of the con-
dition that knocking occurs, and the condition that there 1s a
possibility that knocking will occur may be employed as the
knocking determination conditions.

Also, 1 each of the embodiments, when knocking occurs,
the 1gnition timing 1s controlled to the retarded 1gnition tim-
ing that 1s more retarded than the 1gnition timing ¢1 set based
on the load of the internal combustion engine 10. However,
the 1gnition timing may be controlled to the 1ignition timing ¢1
set based on the load of the internal combustion engine 10,
regardless of whether knocking occurs.

In each of the above-described embodiments, the crank-
case 22 1s fixed to the vehicle, and the cylinder block 21 1s
movable relative to the crankcase 22. However, the cylinder
block 21 may be fixed to the vehicle, and the crankcase 22
may be movable relative to the cylinder block 21. In this case,
the cylinder block 21 1s referred to as “fixed member”, and the
crankcase 22 1s referred to as “movable member”. Further, in
this case, the water pump 33 may be fixed to the vehicle or the

cylinder block 21.

In each ofthe above-described embodiments, the coolant 1s
used as the cooling medium. However, air may be used as the
cooling medium. In this case, the cooling eificiency may be
adjusted by changing the tflow rate of air flowing around the
cylinder block portion 20 and the cylinder head portion 30.

In each of the above-described embodiments, the exhaust
valve 34 may be opened so that an actual expansion ratio 1s
increased as the load of the internal combustion engine 10
decreases. In addition, the intake valve 32 may be closed so
that an actual compression ratio 1s maintained at a substan-
tially constant value regardless of the load. Further, the table
Map € may be set so that the mechanical compression ratio €
set based on the table Map € 1s equal to or above 20 when the
load of the internal combustion engine 10 1s low, that 1s, when
the load of the internal combustion engine 10 1s equal to or
below a threshold load.

In this case, the actual expansion ratio 1s the ratio of the
volume of the combustion chamber CC at a time point at
which the exhaust valve 34 is opened, to a top dead center
combustion chamber volume that 1s the volume of the com-
bustion chamber CC at a time point at which the piston 23 1s
located at the top dead center. The actual compression ratio 1s
the ratio of the volume of the combustion chamber CC at a
time point at which the intake valve 32 1s closed, to the top
dead center combustion chamber volume.

Thus, as the load decreases, the actual expansion ratio 1s
increased, and therefore, a period during which combustion
gas generated by burning the mixed gas works on the piston
23 is increased. This increases heat efficiency. As a result, the
tuel efficiency 1s increased.

Further, the actual compression ratio 1s maintained at a
substantially constant value, regardless of the load. As a
result, 1t 1s possible to avoid an increase 1n the possibility of
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occurrence of knocking even when the mechanical compres-
sion ratio 1s increased due to the decrease 1n the load. Thus,
when the load 1s relatively low, 1t 1s possible to increase the
tuel efficiency, while suppressing occurrence of knocking.

The mvention claimed 1s:

1. A control apparatus for an internal combustion engine
that 1s provided 1n a vehicle, and that includes a compression
ratio change device that changes an actual mechanical com-
pression ratio, wherein the mechanical compression ratio 1s a
rat1o of a maximum value of a volume of a combustion cham-
ber to a minimum value of the volume of the combustion
chamber, and the volume of the combustion chamber 1s
changed according to reciprocating movement of a piston, the
control apparatus comprising:

a compression ratio control device that controls the com-
pression ratio change device so that the actual mechani-
cal compression ratio 1s equal to the mechanical com-
pression ratio set based on a load of the internal
combustion engine;

a cooling device that cools a wall surface that constitutes
the combustion chamber using a cooling medium, by
supplying the cooling medium to an area near the wall
surface, and that adjusts cooling efficiency that indicates
a magnitude of heat energy transierred to the supplied
cooling medium from the wall surface per unit time;

an index value obtaining device that obtains an index value
relating to occurrence of knocking; and

a knocking suppression device that determines whether a
knocking determination condition which includes at
least one of a condition that knocking occurs and a
condition that there 1s a possibility that knocking will
occur, 1s satisfied based on the obtained index value,
wherein when the knocking suppression device deter-
mines that the knocking determination condition 1s sat-
isfied, the knocking suppression device controls the
cooling device to increase the cooling efliciency, and
controls the compression ratio change device so that the
actual mechanical compression ratio 1s equal to a low
mechanical compression ratio that 1s lower than the
mechanical compression ratio set based on the load, 1n a
predetermined low compression ratio control period that
starts at a knocking determination time point at which 1t
1s determined that the knocking determination condition
1s satisfied, wherein

the knocking suppression device sets the low mechanical
compression ratio to a first low mechanical compression
ratio during a first period from the knocking determina-
tion time point to a predetermined first time point, i the
low compression ratio control period,

the knocking suppression device sets the low mechanical
compression ratio to a second low mechanical compres-
sion ratio that 1s higher than the first low mechanical
compression ratio during a second period after the first
time point, 1n the low compression ratio control period,

the knocking suppression device maintains the first low
mechanical compression ratio at a constant value during
the first period, and

the knocking suppression device gradually increases the
second low mechanical compression ratio toward the
mechanical compression ratio set based on the load, as
time elapses, during the second period.

2. The control apparatus for the internal combustion engine

according to claim 1, wherein

the cooling medium 1s a coolant;

the cooling device includes an electric pump to which
clectric power 1s supplied, and which includes a rotor
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that 1s rotated at a rotational speed corresponding to the
clectric power supplied to the pump;
when the rotor 1s rotated, the pump supplies the coolant to
the area near the wall surface by discharging the coolant
at a higher flow rate as the rotational speed of the rotor
becomes higher; and
the knocking suppression device controls the cooling
device by controlling the electric power supplied to the
pump, and sets the first time point to a time point at
which the rotational speed of the rotor becomes equal to
a predetermined threshold rotational speed.
3. The control apparatus for the internal combustion engine
according to claim 1, wherein
the cooling device adjusts the cooling efficiency by chang-
ing a flow rate of the supplied cooling medium.
4. The control apparatus for the internal combustion engine
according to claim 1, wherein
the cooling medium 1s a coolant; and
the cooling device includes an electric pump that supplies
the coolant to the area near the wall surface by discharg-
ing the coolant when the pump i1s driven by electric
POWEY.
5. The control apparatus for the internal combustion engine
according to claim 4, wherein
in the internal combustion engine, a fixed member, which1s
one of a cylinder block and a crankcase, 1s fixed to the
vehicle, and a movable member, which 1s the other of the
cylinder block and the crankcase, 1s movable relative to
the fixed member;
the compression ratio change device changes the actual
mechanical compression ratio by moving the movable
member relative to the fixed member; and
the pump 1s fixed to a member that 1s not moved relative to
the fixed member when the compression ratio change
device changes the actual mechanical compression
ratio.
6. The control apparatus for the internal combustion engine
according to claim 1, wherein
the cooling medium 1s a coolant;
the cooling device includes an electric pump to which
clectric power 1s supplied, and which includes a rotor
that 1s rotated at a rotational speed corresponding to the
clectric power supplied to the pump;
when the rotor 1s rotated, the pump supplies the coolant to
the area near the wall surface by discharging the coolant
at a higher flow rate as the rotational speed of the rotor
becomes higher; and
the knocking suppression device controls the cooling
device by controlling the electric power supplied to the
pump, and increases the low mechanical compression
ratio as the rotational speed of the rotor increases.
7. The control apparatus for the internal combustion engine
according to claim 1, wherein
the cooling device adjusts the cooling efficiency by chang-
ing a temperature of the supplied coolant.
8. The control apparatus for the internal combustion engine
according to claim 1, wherein
the index value obtaining device obtains the index value by
detecting at least one of a temperature of the cooling
medium, a temperature of air introduced 1nto the com-
bustion chamber, a pressure of gas in the combustion
chamber, and wvibration of the internal combustion
engine as the index value.
9. The control apparatus for the internal combustion engine
according to claim 1, further comprising:
an 1gnition device that ignites mixed gas formed 1n the
combustion chamber; and
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an 1gnition timing control device that controls the 1gnition
device so that the 1gnition device actually ignites the
mixed gas at an 1gnition timing set based on the load,
wherein
when the knocking suppression device determines that the
knocking determination condition 1s satisfied, the
knocking suppression device controls the ignition
device so that the ignition device actually ignites the
mixed gas at a retarded ignition timing that 1s more
retarded than the 1ignition timing set based on the load, in
a predetermined 1gnition timing retarding control period
that starts at the knocking determination time point.
10. The control apparatus for the internal combustion
engine according to claim 1, wherein
the knocking suppression device sets the retarded 1gnition
timing to a first retarded 1gnition timing during a period
until a second time point that 1s later than a time point at
which the actual mechanical compression ratio starts to
be increased, in the 1gnition timing retarding control
period; and
the knocking suppression device sets the retarded 1gnition
timing to a second retarded 1gnition timing that 1s more
advanced than the first retarded 1gnition timing during a
period after the second time point, 1n the 1ignition timing,
retarding control period.
11. The control apparatus for the internal combustion
engine according to claim 10, wherein
the knocking suppression device sets an end time point of
the 1gnition timing retarding control period to a time
point after an end time point of the low compression
ratio control period.
12. The control apparatus for the internal combustion
engine according to claim 1, wherein
the compression ratio control device sets the mechanical
compression ratio based on the load so that the mechani-
cal compression ratio 1s increased as the load decreases;
the compression ratio control device opens an exhaust
valve so that an actual expansion ratio 1s increased as the
load decreases:
the actual expansion ratio 1s a ratio of the volume of the
combustion chamber at a time point at which the exhaust
valve 1s opened to a top dead center combustion chamber
volume that 1s the volume of the combustion chamber at
a time point at which the piston 1s located at a top dead
center,
the compression ratio control device closes an intake valve
so that an actual compression ratio 1s maintained at a
substantially constant value regardless of the load; and
the actual compression ratio 1s a ratio of the volume of the
combustion chamber at a time point at which the intake
valve 1s closed, to the top dead center combustion cham-
ber volume.
13. The control apparatus for the internal combustion
engine according to claim 1, wherein
the internal combustion engine 1s a multi-cylinder internal
combustion engine that includes a plurality of cylinders;
the compression ratio change device simultaneously
changes the actual mechanical compression ratio of each
of the cylinders to a same value;
the index value obtaining device obtains the index value for
cach of the cylinders;
the cooling device adjusts the cooling efficiency for each of
the cylinders;
the knocking suppression device determines whether the
knocking determination condition 1s satisfied based on
the obtained 1ndex value for each of the cylinders;
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when the knocking suppression device determines that the
knocking determination condition is satisfied 1n at least
one cylinder among the cylinders the knocking suppres-
sion device controls the cooling device so that the cool-
ing eificiency for the at least one cylinder in which the
knocking determination condition 1s satisfied 1s higher
than the cooling efficiency for at least one cylinder
among the cylinders, 1n which the knocking determina-
tion condition 1s not satisfied.

14. A control apparatus for an internal combustion engine
that 1s provided 1n a vehicle, and that includes a compression
ratio change device that changes an actual mechanical com-
pression ratio, wherein the mechanical compression ratio 1s a
ratio ol a maximum value of a volume of a combustion cham-
ber to a minimum value of the volume of the combustion
chamber, and the volume of the combustion chamber 1s
changed according to reciprocating movement of a piston, the
control apparatus comprising:

a cooling device that cools a wall surface that constitutes
the combustion chamber using a cooling medium, by
supplying the cooling medium to an area near the wall
surface, and that adjusts cooling efficiency that indicates
a magnitude of heat energy transierred to the supplied
cooling medium from the wall surface per unit time;

an mndex value obtaining device that obtains an index value
relating to occurrence of knocking; and

a compression ratio control device that controls the com-
pression ratio change device so that the actual mechani-
cal compression ratio 1s equal to the mechanical com-
pression ratio set based on a load of the internal
combustion engine,

wherein

said compression ratio control device sets the mechanical
compression ratio based on the load so that the mechani-
cal compression ratio 1s increased as the load decreases,
and

closes an 1intake valve so that an actual compression ratio 1s
maintained at a substantially constant value regardless
of the load, and further comprising:

a knocking suppression device that determines whether a
knocking determination condition which includes at
least one of a condition that knocking occurs and a
condition that there 1s a possibility that knocking waill
occur, 1s satisfied based on the obtained index wvalue,
wherein when the knocking suppression device deter-
mines that the knocking determination condition 1s sat-
isfied, the knocking suppression device controls the
cooling device to increase the cooling efficiency.

15. The control apparatus for the internal combustion

engine according to claim 14, wherein

the knocking suppression device sets the mechanical com-
pression ratio to a first low mechanical compression
ratio during a first period from the knocking determina-
tion time point to a predetermined first time point, 1n a
low compression ratio control period; and

the knocking suppression device sets the mechanical com-
pression ratio to a second low mechanical compression
ratio that 1s higher than the first low mechanical com-
pression ratio during a second period after the first time
point, in the low compression ratio control period.

16. The control apparatus for the internal combustion

engine according to claim 15, wherein

the knocking suppression device maintains the first low
mechanical compression ratio at a constant value during
the first period; and

the knocking suppression device gradually increases the
second low mechanical compression ratio toward the

-
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mechanical compression ratio set based on the load, as
time elapses, during the second period.
17. The control apparatus for the internal combustion
engine according to claim 14, wherein
the cooling medium 1s a coolant;
the cooling device includes an electric pump to which
clectric power 1s supplied, and which i1ncludes a rotor
that 1s rotated at a rotational speed corresponding to the
clectric power supplied to the pump;
when the rotor 1s rotated, the pump supplies the coolant to
the area near the wall surface by discharging the coolant
at a higher tlow rate as the rotational speed of the rotor
becomes higher; and
the knocking suppression device controls the cooling
device by controlling the electric power supplied to the
pump, and sets the first time point to a time point at
which the rotational speed of the rotor becomes equal to
a predetermined threshold rotational speed.
18. The control apparatus for the internal combustion
engine according to claim 14, wherein
the cooling device adjusts the cooling efficiency by chang-
ing a flow rate of the supplied cooling medium.
19. The control apparatus for the internal combustion
engine according to claim 14, wherein
the cooling medium 1s a coolant; and
the cooling device includes an electric pump that supplies
the coolant to the area near the wall surface by discharg-
ing the coolant when the pump i1s dniven by electric
POWEL.
20. The control apparatus for the internal combustion

engine according to claim 14,
wherein
in the internal combustion engine, a fixed member, which 1s
one ol a cylinder block and a crankcase, 1s fixed to the
vehicle, and a movable member, which is the other of the
cylinder block and the crankcase, 1s movable relative to
the fixed member;
the compression ratio change device changes the actual
mechanical compression ratio by moving the movable
member relative to the fixed member; and
the pump 1s fixed to a member that 1s not moved relative to
the fixed member when the compression ratio change
device changes the actual mechanical compression
ratio.
21. The control apparatus for the internal combustion
engine according to claim 14, wherein
the cooling medium 1s a coolant;
the cooling device includes an electric pump to which
clectric power 1s supplied, and which includes a rotor
that 1s rotated at a rotational speed corresponding to the
clectric power supplied to the pump;
when the rotor 1s rotated, the pump supplies the coolant to
the area near the wall surface by discharging the coolant
at a higher flow rate as the rotational speed of the rotor
becomes higher; and
the knocking suppression device controls the cooling
device by controlling the electric power supplied to the
pump, and increases the mechanical compression ratio
as the rotational speed of the rotor increases.
22. The control apparatus for the internal combustion
engine according to claim 14, wherein
the cooling device adjusts the cooling efficiency by chang-
ing a temperature of the supplied coolant.
23. The control apparatus for the internal combustion
engine according to claim 14,
wherein
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the index value obtaining device obtains the index value by
detecting at least one of a temperature of the cooling
medium, a temperature of air introduced 1nto the com-
bustion chamber, a pressure of gas in the combustion
chamber, and wvibration of the internal combustion
engine as the index value.
24. The control apparatus for the internal combustion
engine according to claim 14, further comprising:
an 1gnition device that ignites mixed gas formed 1n the
combustion chamber; and
an 1gmition timing control device that controls the 1gnition
device so that the ignition device actually 1gnites the
mixed gas at an 1gnition timing-set based on the load,
wherein
when the knocking suppression device determines that the
knocking determination condition 1s satisfied, the
knocking suppression device controls the igmition
device so that the 1gnition device actually ignites the
mixed gas at a retarded i1gnition timing that 1s more
retarded than the 1ignition timing set based on the load, 1n
a predetermined 1gnition timing retarding control period
that starts at the knocking determination time point.
25. The control apparatus for the internal combustion
engine according to claim 14, wherein
the knocking suppression device sets the retarded 1gnition
timing to a first retarded 1gnition timing during a period
until a second time point that 1s later than a time point at
which the actual mechanical compression ratio starts to
be increased, in the 1gnition timing retarding control
period; and
the knocking suppression device sets the retarded 1gnition
timing to a second retarded 1gnition timing that 1s more
advanced than the first retarded 1gnition timing during a
period after the second time point, in the 1gnition timing
retarding control period.
26. The control apparatus for the internal combustion
engine according to claim 25, wherein
the knocking suppression device sets an end time point of
the 1gnition timing retarding control period to a time
point after an end time point of a low compression ratio
control period.
27. The control apparatus for the internal combustion
engine according to claim 14, wherein
the compression ratio control device sets the mechanical
compression ratio based on the load so that the mechani-
cal compression ratio 1s increased as the load decreases;
the compression ratio control device opens an exhaust
valve so that an actual expansion ratio 1s increased as the
load decreases;
the actual expansion ratio 1s a ratio of the volume of the
combustion chamber at a time point at which the exhaust
valve 1s opened, to a top dead center combustion cham-
ber volume that 1s the volume of the combustion cham-
ber at a time point at which the piston 1s located at a top
dead center;
the compression ratio control device closes an intake valve
so that an actual compression ratio 1s maintained at a
substantially constant value regardless of the load; and
the actual compression ratio 1s a ratio of the volume of the
combustion chamber at a time point at which the intake
valve 1s closed, to the top dead center combustion cham-
ber volume.
28. The control apparatus for the internal combustion
engine according to claim 14, wherein
the internal combustion engine 1s a multi-cylinder internal
combustion engine that includes a plurality of cylinders;
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the compression ratio change device simultaneously
changes the actual mechanical compression ratio of each
of the cylinders to a same value;

the index value obtaining device obtains the index value for

cach of the cylinders; 5
the cooling device adjusts the cooling efficiency for each of
the cylinders;
the knocking suppression device determines whether the
knocking determination condition 1s satisfied based on
the obtained 1ndex value for each of the cylinders; 10

when the knocking suppression device determines that the
knocking determination condition 1s satisfied 1n at least
one cylinder among the cylinders the knocking suppres-
s1ion device controls the cooling device so that the cool-
ing elliciency for the at least one cylinder in which the 15
knocking determination condition 1s satisfied 1s higher
than the cooling efficiency for at least one cylinder
among the cylinders, 1n which the knocking determina-
tion condition 1s not satisfied.

29. The control apparatus for the internal combustion 20
engine according to claim 1, wherein the first period 1s adja-
cent to the second period.

30. The control apparatus for the internal combustion
engine according to claim 1, wherein the first period 1s less
than half the second period. 25

31. The control apparatus for the internal combustion
engine according to claim 1, wherein the first period 1s less
than one-third the second period.

32. The control apparatus for the internal combustion
engine according to claim 1, wherein the first period 1s less 30
than one-fourth the second period.
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